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PART I 
ZONE REFINING OF MIXTURES OF ORDINARY AND HEAVY WATER 
CHAPTER I 
INTRODUCTION 
A. Previous Work 
l. Equilibrium Separation Factor 
The freezing point of pure heavy water (D20) is 3.80° higher than 
that of ordinary water.1'2 This difference in the freezing points has 
been the basis for a number of attempts to separate the two isotopic 
forms by fractional crystallization. Although many of the early measure­
ments were ineonclusi ve, Euck en and Schafer1 were able to confirm experi­
mentally the theoretically predicted temperature difference between. the 
solid and the liquid phases in a mixture of the two forms of water. 
Weston3 recheck ed the theoretical calculations which indicate that the 
heavy water should concentrate in the solid phase. Romaniwh was granted 
a patent on a method for the concentration of heavy water by a fractional 
freezing process. 
Smith and Posey5T8 determined experimentally the equilibrium s�pa­
ration factor. They found that vigorous agitation is necessary in order 
to maintain concentration equilibrium between the body of the liquid and 
the thin film in which freezing occurs at the surface of the ice. Their 
value of 1.0211 ! 0. 0007 for the equilibrium separation factor,�, is 
in fair agreement with the calculated value of 1.023 reported by Euck en 
and Schafer. Since the liquid phase becomes progressively depleted in 
deuterium as freezing proceeds, the process is analogous to a Rayleigh 
distillation, Therefore Smith and Posey calculated the value of the 
separation factor from the equation, 
I, m(l-y) 
J 
[1 mv] tf. log L + M(l-x) "" log [ + �. 
2 
(1) 
where M is the total number of moles in the liquid phase, m is the total 
number of moles in the solid phase, x is the mole fraction of deuterium 
in the liquid phase, and y is the mole fraction of deuterium in the 
solid phase .  Their work appears to show conclusively that fractional 
crystallization of a mixture of ordinary and of heavy water produces 
isotopic separation with the heavy water concentrating in the solid 
phase . 
2. Zone Refining 
Many processes for the separation of the components of a mixture 
depend upon "mttltiple equilibrations�" either in a continuous manner or 
in a discontinuous ma.nner. The ordinary distillation column is an ex-
ample of continuous multiple equilibration. The theoretical plate con-
cept is used to define the region of the column in which s eparation, 
equivalent to that in a single batch equilibration, occurs. The counter­
current extraction apparatus of Craig and Post9 is an example of discon-
tinuous multiple equilibration. Each of the above methods produces sep-
aration which is much larger than that available in one equilibration. 
The analogous multiple equilibration process for fractional crys-
tallization is the zone-refining technique which was developed by 
Pfann10-l3 from earlier work done by Schwab and Wichers .14 Schwab and 
Wichers were interested in the purification of benzoic acid and acet� 
ilide. Pfann was world..ng on th� plli"ification of germanium for eleetri-
3 
cal applications. The zone-refining technique has been successful, 
and its many applications have been discussed in a recent review.15 
3. Theoreti.cal Backgrcmnd 
Pfann's original article10 on zone refining presents a mathe­
matical analysis of the system. The treatment neglects the change in 
density produced by melting or by freezing and does not apply to the 
boundary conditions at the end of the sample where normal freezing 
occurs. Normal freezing begins when the leading edge of the liquid 
zone reaches the end of the sample and there is no further feed into 
the liquid zone. The analytical treatment developed by Lord16 does not 
account for normal freezing at the end of the sample and becomes com­
plicated for a large number of passes . Reiss17 developed an analytical 
approach in which the complete concentration profile could be calcu­
lated for values of the segregation coefficient close to unity. Burris , 
Stockman, and Dillon18 developed a method for calculating the concen-
tration profile tak ing into account normal freezing at the end of the 
sample. They could not develop an analytical solution to their equations 
and were forced to use a card-programmed electronic computer for their 
numerical calculations. Hulme19 developed an analysis of the concentra-
tion gradient existing at the solid-liquid interface. The gradient is 
present in the liquid because of slow diffusion. Bi.rman20 developed a 
mathematical treatment which includes the boundary conditions at the 
ends of the sample. The method allows direct numerical calculation of 
the solute distribution after any number of passes with any initial dis­
tribution. 
4 
B. Purpose 
The separation factor for a single fractional crystallization in 
the H20-D20 system is much too small� and the required freezing rate is 
too slow for a batch process to give a useful separation of the isotopic 
forms of water. The purpose of this work was to continue some prelimin­
ary experiments7�8 on zone refining in the H20-D20 system and to attempt 
to determine whether or not the technique wouJ.d be useful for the sepa­
ration of heavy water from ordinary water. 
CHAPTER II 
THEORETICAL 
A. The Process 
Birman's method20 was used for the development of a mathematical 
analysis to describe zone refining in the H20-D20 system, since it in-
eludes the boundary conditions and since it allows numerical solution 
of the equations by algebraic me·thods . Hulmeu s refinement, 19 which 
covers the concentration gradient at the freezing interface,  was not 
included, since the data of Posey and Smith5-B include a value for an 
effective separation factor in an unstirred solution. 
The sample, in the shape of a slender rod or cylinder9 may be 
considered to be a series of segments of identical, but arbitrary length. 
The refining process is conducted at an ambient tempe:fature low enough 
so that the sample is a solid, and segments are melted in sequence by 
passing a heat source along the sample . The length of the melted zone 
is less than that of the sample, so that after a time the sample solid-
ifies behind the zone . One "pass" is completed when the liquid zone 
has traversed the entire length of the sample. The boundary cond.i tion 
referred to as " normal freezing" begins when the leading edge of the 
liquid zone reaches the end of the sample and when there is no additional 
solid material to be melted. 
Three basic assumptions regarding the process are made in order 
to simplify the calculationsg 
6 
(l) The rate of diffusion in the soli.d is negligible .  The 
concentration of solute supplied to the liquid phase by 
the melting solid is identical with the solute concen­
tration in the solid immediately ahead of the liquid zone . 
(2) Diffusion in the liquid is complete . There is no concen­
tration gradient in the liquid, and material solidifies 
behind the liquid zone in concentration equilibrium with 
the material in the liquid . 
(J) The segregation coefficient, k, is constant and is defined 
by equation 2, 
(2) 
where C5 is the solute concentration in the solid freezing 
in equilibrium with the liquid and where C1 is the solute 
concentration in the liquid . The units of concentration 
are taken as moles per unit of volume . 
These assumptions are valid only for the idealized s.ystem upon which 
this mathematical treatment is based. 
If k) 1, the solute concentrates in the solid phase, which pro­
duces a net movement of solute along the sample in a direction opposite 
to the motion of the liquid zone. 
B. The Difference Equations 
Consider the sample divided into N equal segments, of arbitrary 
length. Let Dn,p be the number of moles of deuterium, as heavy water1 
in the n-th segment after the p-th pass. A pass, previously defined, 
7 
can be divided into a series of basic progressions. At the beginning 
of the first progression of the p-th pass the melted zone consists of 
segments l through M, inclusive, which are mixed completely. The zone 
width is M segments, and T, the total number of moles of deuterium in 
the liquid zone is given by equation 3, 
(3) 
which defines the initial boundary condition. 
Segment 1 .freezes in equilibrium with the liquid in segments 2 
through M inclusive. By definition, the number of moles of deuterium 
in the segment which freezes is Dl,p• The number of moles of deuterium 
M-1 in the remaining M-1 liquid segments is k Dl,p• This follows from 
equation 2 if the volume of a segment is defined as the unit of volume 
in the system. A material balance gives equation 4, which is appli-
cable to the first progression. 
M � M-lj 
� Dn p-1 = l + k D1 p n=l ' ' (
4) 
The second progression begins as the zone advances by melting 
segment M + 1. The melting adds DM+l,p-l 
moles of deuterium to the 
liquid phase. The total amount of deuterium in the liquid phase is 
then 
[M-1] 
[ k J �,p + �+l,p-1 . 
The amount of deuterium in segment 2, which next freezes,  is  
D2,p, and in the remaining liquid is 
M
k
l D2,p· A material balance 
gives equation 5, which can be rearranged to give equation 6. 
�+l,p-1 e -
[M-1 l j. M-l l 
[ k J Dl,p + Ll + k J D2,p 
8 
(5) 
(6) 
Equation 6 applies to the second progression, which is begun when 
segment M + 1 melts and which is completed when segment 2 freezes. Thus, 
equation 6 may be generalized to apply to N - M progressions . If A is 
the index number of the progression, equation 4 applies when .A = 1,  and 
equation 7, the generalized form of equation 6, applies when )\ = 2 • • • 
(N- M + 1). 
tM-l
j 
� D = - D + 1 + A+M-l,p-1 k ,:\-l,p 
M-ll 
k J D A,P (7) 
Normal freezing begins when segment N - M + 2 freezes in equilib-
rium with the remaining liquid. By definition, the amount of deuterium 
in segment N - M + 2 is DN-M+2,p, and the amonnt remaining in the liquid 
. M-2 TL �s k -N-M+2,p • The sum of these two terms is equal to the amount 
of deuterium remaining in the liquid phase at the completion of the pre-
ceding progression. A material balance gives equation 8, which can be 
rearranged to give equation 9. 
I M
k
-1 l lM-2l [ J �-M+ 1 ,p = t k j �-M+2 ,p + �-M+2 , p  (8) 
(9) 
Equation 9 can be generalized to give equation 10, which applies to pro­
gressions A= (N - M + 2 + m) , where m = 0 . • •  (M - 2) . 
EM-1-m] [ 0 = - k J D _A-l, p + 1 + 
M-2-m l 
k j D A, p  (10) 
The three difference equations are summarized below. 
= -
[M-1-mi 0 = - [ k - D A-l,p + 
for A= 1 
for' A = 2 • • • (N-M+l) 
for A= (N-M+2+m) 
m = (M-2) 
C .  The Separation Factor and the Segregation Coefficient 
9 
(4) 
(7 ) 
(10) 
Equation 1, from which Smith and Posey calculated the value of 
the separation factor, d-,, is too unwieldy to be used in a detailed 
analysis of the zone refining process. Equation 1 can be simplified by 
the following sequence of approximations to give an expression of the 
same for� as that of equation 2. 
Let fli = the mole fraction of H, as H20, in the ice phase, 
Hi = the total number of moles of H, as H20, in the ice phase, 
and :Hi the total number of moles of H, as H20, per unit vo,lume 
in the ice phase. 
The unit volume is taken as that of a segment. It follows that the 
volume of the liquid phase is equal to the number of segments in the 
liquid phase. A parallel notation, Dj_, Di, and Di will refer to the 
deuterium, ��d a subscript w will refer to the liquid phase • .  Equation 1 
10 
now can be rewritten as� 
J- log � + � J = log [1 + � J (11) 
or �log t\: lf; j = log tii,;� D;_j (12) 
'The· observed separation factor is often defined by equation 13. 
(1.3) 
Equations 14-a, 14-b, and 14-c apply to the condition where the 
amount of solid which forms is so small that the concentrations in the 
bulk of the liquid do not change. 
lim 
log �ffw-Rw_+_lf; � 
ii.�o 1. 
lim �H�-' = 0 
� �o \ RW) 
(14-a) 
== 0 (14-b )  
(14-c) 
A similar set of equations exists for the deuterium fractions . 
Therefore, under the condition specified for equations 14, equation 12 
and equation 13 are identical. 
An alternate separation factor, d-..�:-, is defined by equation 15. 
(15) 
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It can be shown that <A* ==d.... o If Ni and Nw are the number of segments 
in the ice and in the liquid phases respectively� then 
since 
Therefore 
(18) 
The ratio of the moleeula.:t• weight.s for D20 and H20 is, to a vel"Y 
good approximation, identical with the density ratio for the two liquid 
and for the two solidaa in �e vicinity of the freezing point.21�23 There-
fore the number of moles of D20 or of H20 is equal ·to a constant, Ci9 per 
urdt volume of icell and is equal to another c:onsta<·ltll Cw9 per unit volUll'le 
of liquid in the vi©inity of the .freezing point.b 
a Mw(D20) d(D20) d(D20) 
MW(H20) 
= loll2� �d(�H2. o�) � lol07 for ice at 0°� and d(H20) � 
lol06 for liquid water at 4o3°. 
b density e mass/volo 
moles/val. = (maas/MW)/vol. 
mass/vol. = density = (MW)(moles/volo) 
��eref'ore 
d(�20) e MW(DzO) o moles/vel. 
d(H20) MW(H20) moles/vol. 
But the density ratio is essentially equal to the MW ratio. 
Therefore the number of moles of D20 per unit volume is equal to the 
number of moles of H20 per unit volumep to a good approximation. 
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In addition, solutions of D20 in H20 are ver.y nearly ideal in a 
thermodynamic sense. 24, 25 The heats of mixi.ng26 are ver.y small and the 
maximum temperature difference between the solidus and the liquidus 
0 1 curves in the melting diagram is only 0.02 . Therefore the constants, 
Ci and Cw, may be applied to solutions of D20 in H20. Equation 18 can 
be rewritten as follows: 
(19) 
since 
(20) 
Thus 
� G� 0 - � · C � 0- 1 (21) 
In the experimental work to which this analysis applies, Ci/Di 
and Cw/Dw have values of about 2, and � is very nearly equal to 1. 
Therefore equation 22 is a good approximation to equation 21. 
(22) 
Equation 22 can be rearranged to give an expression for � which 
has the same form as the expression for the segregation coefficient. 
d. 
1.090 
k = Cs/Cl 
= (23) 
(2) 
The ratio, Cw/Ci = 1.090, can be calculated from the water-ice 
density ratio for either D20 or H20. The expression �/1. 090 is 
equivalent to the segregation coefficient, k� as defined by Birman. 
Two points are implied by the form of equation 23. They are: 
13 
(1) If a_ ( 1.090, the heavy water will move in the same direc-
tion as the zone movement. A previous statement restricted 
this direction of movement to situations where d-.,. <1. 
( 2) Separation will occur for d. = 1. 
These two points force a closer examination of the significance 
of Ci/Cw in equations 22 and 23. Let us assume that the frozen water 
sample is contained in a tube which is not closed at either end. When 
ice melts at the leading edge of the zone, there is a decrease in volume. 
When water freezes at the trailing edge of the zone, there is an increase 
in volume. The net effect is to move the entire sample through the tube 
in the same direction as the zone movement. This constitutes a change 
in deuterium concentration relative to fixed segments of the tube, but 
it does not contribute to isotopic separation. If the Di and Dw terms 
instead of the Hi and Hw terms are eliminated from equation 18, equation 
24 may be derived. 
1 -=----=-:=-=-�- = 1. 090 d.. (24) 
Thus, the density-ratio term in the denominator affects both isotopic 
forms of water in the same manner. 
If the sample tube is closed at the ends so that no net movement 
of sample is possible, the density ratio may be dropped. For all of the 
experimental work discussed in this report, the sample tube was closed 
at the ends. A high pressure zone developed in the end of the tube to-
ward which the zone moved. The effect is predicted by the above inter-
pretation. 
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In many zone-refining processes, the sample is not contained, 
but is self-supporting. The density ratio for liquid and solid water 
is much larger than the density ratio for the liquid and solid phases 
in most other s.ystems. Thus the effect which is produced by the density 
ratio would be more noticable in the H20-D20 system. 
Equation 25 may be used to define the segregation coefficient for 
the purpose of calculating the concentration profile in an H20-D20 
system which is subjected to zone refining in a closed container. 
D. Numerical Solution of Difference Equations 
Equations 4, 7, and 10 may be written in matrix form 
ACp = BCp-1 
(25) 
(26) 
where A and B are N x N matrices of the coefficients of Dn,p and of 
Dn,p-1 respectively� and where n = 1 • . .  N. Cp and Cp-1 are N x 1 
column matrices formed from the numerical values of Dn,p and Dn, p-1 re­
spectively. Since A is not singular, equation 26 may be written as 
(27) 
where (A-1B) is another N x N matrix. The general form of the matrix 
(A-lB) is given in Table I. The manipulative procedures for arriving 
at the matrix are discussed in several standard text books.27,28 
Equation 28 relates the initial concentrations G0 to the con­
centrations C1 after the first pass. 
(28) 
TABLE I 
THE (A-lB) MATRIX OF THE DIFFERENCE EQUATION COEFFICIENTs*** 
)(� Matrix Elements** 
1 1/y 1/y 0 0 0 0 0 0 0 0 
2 xjy2 xjy2 l/y 0 0 0 0 0 0 0 
3 x2jy3 x2jy3 xjy2 1/y 0 0 0 0 0 0 
4 '  x3jy4 x3jy4 x2jy3 xjy2 1/y 0 0 0 0 0 
5 x
4;y5 x4;y5 x3jy4 x2jy3 xjy2 1/y 0 0 0 0 
6 x5/y6 x5;y6 x4;y5 x3jy4 x2jy3 x/y2 1/y 0 0 0 
7 x6jy7 x6/y7 x5jy6 x4;y5 x3jy4 x2jy3 xjy2 1/y 0 0 
8 x1jy8 x1jy8 x.6jy7 x5jy6 �jy5 :x:3;y4 x2jy3 xjy2 1/y 0 
9 x
8jy9 xBjy9 x7jy8 x6/y7 x5jy6 �;;? x3jy4 x2jy3 x./-12 l/y 
10 x9jy9 x9jy9 xBjyB x?jy7 x6jy6 :x5jy5 �;y4 x3jy3 x2jy2 x/y 
*The definition of )\ has been given in the text. 
�**x = 1/ cJ._ • 
y-1 = cl/(;L +-�). 
***The accuracy of the A-1 matrix was verified by taking the 
product A-lA, which gave the proper. unit matrix. 
� \.rl. . 
16 
Therefore, after p passes, 
Cp Q (A-1B)
Pc0 • (29) 
A simple zone-refining process in an H20-D20 system was evaluated 
numerically by the use of equation 29. The following conditions were 
assumed: 
N • 10, the number of segments in the sample, 
M � 2, the number of segments in the liquid zone, 
cl = 1.02, the value of the equilibrium separation factor found 
by Posey and Smith. 
The equilibrium value for the separation factor was used in the 
calculations in order to evaluate the maximum isotopic separation which 
might be expected. The calculated concentration profiles are shown in 
Figure 1, and the numerical values of the column matrices, CP' are given 
in Table II. An initial uniformly distributed unit concentration was 
assumed. The figure and the table may be converted to other concentra­
tion units by multiplication by the proper conversion factor. 
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TABLE II 
NUMERICAL VALUES OF COLUMN MATRICES 
Segment Pass Number 
Number 0 1 2 4 8 16 
1 1 1.010 1. 0176 1. 0298 1.0478 1.0697 
2 1 1. 00.5 1.0103 1. 0194 1.0377 1.0.547 
3 1 1.003 1.0060 1.0123 1.0234 1.0337 
4 1 1 .. 001 1.0024 1.oo64 1.0106 1.0130 
.5 1 1.000 1.0008 1.1126 1.1139 0.9983 
6 1 1.000 0.9999 0.9999 0.9937 0.9807 
7 1 0.999 0.9978 0.9942 0.9806 0.9614 
8 1 0.998 0. 9969 0.9847 0.964.5 0.941.5 
9 1 0.998 0.9873 0.9712 0.9498 0.92.53 
10 1 0.978 0.9667 0. 9.510 0.9303 0.9062 
CHAPTER III 
EXPERIMENTAL 
A. Apparatus 
1. Linear Apparatus 
The apparatus and the method were similar to those described by 
Posey and Smith.7,B The water sample, which was contained in a length 
of plastic tubing_, was innnersed in a low-temperature bath and was 
frozen. Narrow zones, spaced at equal intervals.\) were melted by small 
electrically heated coils. The arrangement of the apparatus is shown 
in Figure 2. The tubing was pulled at a ra·te of 5 inches per hour 
through the annular heaters. When the tubing had moved a distance equal 
to the spacing between two adjacent heatersJ the drive mechanism quickly 
moved the tubing an equal distance in the opposite direction. The cyclic 
motion transferred the liquid zones from one heater to the next. In this 
manner, the zones traversed the entire length of the sample while the 
sample container made short strokes equal to the distance between the 
heaters. 
The temperature of the liquid zones could not be determined, but 
the fact that alternate solid and liquid zones formed was verified by 
the presence of a1 ternate hard and soft regions in the sample tube. 
2. Spiral Apparatus 
A spiral arrangement of the sample tube was used for most of the 
experiments. The spiral geometry, illustrated in Figure 3, allowed 
Thread to 
Drive Mechanism 
Annular Electrical Heaters 
\ 
Tygon Tube 
Containing Mixed 
Water Sample 
Figure 2 
Linear Zone Refining Apparatus 
< 
I\:) 0 
Plywood 
Thermostat 
Bath Liquid 
Electrical Heater 
Thermostat Container 
Figure 3 
Spiral Zone Refining Apparatus 
Spiral 
Telech-ron Motors "Gears, 
and Pul ey System 
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approximately 40 zones to be located in the space occupied by 3 or 4 
zones in the linear apparatus . 
�he Tygon plastic tube, containing the sample, was wound onto a 
1 1/2-inch diameter cylinder of 1/2-inch mesh hardware cloth . The cylinder 
was mounted in the thermostat with the axis horizontal and with about 
5o per cent of each turn submerged in the bath liquid . The entire coil 
was frozen by packing Dry Ice around it. The bath was covered with a 
sheet of plywood in which was cut a l-inch wide slot . The slot was 
located immediately above and ran the length of the spiral. A heater, 
placed above the slot, maintained a temperature of 35° to 40° at the 
exposed surface of the spiral . The heating element was Nichrome wire, 
and was supported on an arched backing by Sauereisen cement . Under these 
operating conditions, each ice zone moved almost to the top of a turn 
before it was completely melted. Freezing occured within the first 1/2 
inch after the tubing reentered the bath. The melted zone occupied a 
length of about 1 1/2 inches, or about 25 per cent of each circumference. 
The cylinder was rotated qy a geared-down Telechron motor, which 
gave an operating speed of 0. 75 revolutions per hour, or a linear speed 
of 4.1 inches per hour . 
3.  Thermostat 
The frozen zones in the spiral apparatus were maintained in a 
refrigerated brine bath. The bath was operated at -10° which was the 
minimum temperature obtainable . An alcohol-water bath was used with the 
linear apparatus . The presence of the annular heaters in the bath limited 
its min±mum temperature to about -3°. 
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4. Plastic Tubing 
The water samples were contained in sections of Tygon plastic 
tubing, manufactured by the U. s .  Stoneware Company. The tubing had an 
inside diameter of l/8 inch and a wall thickness of 1/16 inch. Smith 
and Posey found that there is no detectable isotopic exchange between 
T-ygon a.I}d mixtures of ordinary a.11d heavy water . 
5 .  Preparation of Samples 
Since the density ratio for heavy water and for ordinary water 
is, to a very close approximation, equal to the molecular weight ratio, 
water mixtures of the desired mole fractions were made up by direct vol­
umetric methods o All of the water samples contained approximately 45 
mole per cent of heavy water . The values were deter�ned more precisely 
after the sample was prepared. The heavy water9 whd.ch was reported to 
be 99 . 8 per cent pure J) was supplied by the Stuart Oxygen Company. The 
ordinary water was obtained from the general laboratory supply and was 
redistilled before use . 
6. Anal;ytical Method 
The compositions of the water samples were determined by the 
falling drop method of Combs� Googin, and Smith.29 At the completion 
of eaeh run, the entire water sample was frozen in the Tygon tubing by 
the addition of Dry Ice to the thermostat bath. The tubing was cut into 
sections, wiped dry with tissue, and the water was allowed to melt and 
to run into numbered flasks . Each numbered sample was di stilled, collected 
in a Pyrex ampoule, sealed, and stored until the analyses were performed. 
After each distillation a barely visible residue usually remained. The 
residue gave a strong �alitative test for chloride. It · appears probable 
that the residue was a sq.]_ t contamination which was picked up from the 
brine ba't.h. 
The samples taken from the linear apparatus were not di stilled 
before analysis . 
B .  Results 
Several nL�s were made with the linear apparatus in order to 
check the results of Smith and Posey, and to obtain practice with the 
technique . Figure 4 is a plot of the concentration profile after 62 
passes with the linear apparatus . The concen�ation profile obtained 
by Smith and Posey after 50 passes with a si:mila:r apparatus is included 
for comparison.  
Concentration profiles for several runs which were made with the 
spiral apparatus are shown in Figure 5 .  The horizontal lines indicate 
the initial concentration profiles . The straight lines were fitted to 
the data points by the least=squares method, in which the squares of the 
ordinate differences were minimi zed . 
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CHAPTER IV 
DISCUSSION 
A .  Theoretical 
The hypothetical zone-refifring process upon which the theoretical 
development was based was one in which a single liquid zone moved along 
the sample . A pass was completed each time that the liquid zone completely 
traversed the length of the sample o In a spiral apparatus which simul­
taneously contains L liquid zone s ,  the spiral must rotate L times about 
its axi s  before a zone traverses the entire length of the sample . Each 
succeeding rotation about the axis completes an additional pas s o  If the 
apparatus is rotated R times there will be R - L complete pas s e s . The 
number of complete pas ses in a linear, multiple-zone apparatus may be 
determined in an analogous mBIL�er . 
At the completion of the experiment ·there will remain L � 1 
liquid zones which have traversed only a portion of the total length of 
the sample . The exact treatment of the concentration di stribution in a 
multiple-zone apparatus for zone refining i s  complicated by these initial 
and final conditions which are superimposed upon the di stribution produced 
by the completed passes . 
The numerical calculations upon which Figure l i s  based were per­
formed for a sample length of 10 segments and a z one width of 2 segments . 
These values were s elected in order to reduce the quantity of the ari th­
inetiaal manipulations . A more accurate treatment would require a larger 
number of segments for the sample and for the liquid w ne .  
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B.  Experimental 
The concentration profiles shown in Figures 1,  4, and 5 show 
that the zone-refining process does concentrate D20 in the direction 
which is predicted by the theory . However, the maximum concentration 
difference obtained with 373 complete passes was less than the theo­
retical difference for 4 passes . In addition, the restrictions which 
were applied in order to reduce the quantity of the calculations also 
lowered the theoretical value of the separation. 
The apparatus in which Posey and Smith determined the equilibrium 
separation faotor, ol, was vigorously shaken in order to maintain concen­
tration equilibrium between the bulk of the liquid and that at the 
solid-liquid interface .  I n  addition the freezing occurred at a ver.y 
slow rate . Under these conditions they found that OL= 1 .0211. The 
va.lue of oL determined with rapid. freezing and without agitation was 
from 1.0007 to 1.002 . The absence of agitation probably accounts for 
the
. 
great quantitative difference between the theoretical and the ex­
peri�ental concentration profiles . 
In the spiral apparatus the freezing interface was in a vertical 
p<:1:rtion of the tub:ing. Because of the temperature gradient immediately 
above the freezing ,.�terfaee,  there was the possibility that a density 
inversion in the liquid would contribute a mixing effect and thus im­
prove the separation factor.  However, no significant mixing appears 
to have resulted from thia .. geometrical arrangement . 
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C • Future Work 
Zone refining with the apparatus discussed in this report is a 
batch proces s .  However, several arrangements have been reported where-
. 12 30 by the process may be made cont�nuous . ' It i s  possible that such 
an arrangement might be adapted to the separation of D20 and H2o in a 
continuous operation. 
The zone-refining process for the separation of n2o from H20 
is so slow at present that its application may not be practical . The 
slowness is caused primarily by incomplete diffusion within the liquid 
which limits the rate of zone movement and reduces the effective sepa-
ration factor . Adequate stirring of the liquid zones might increase the 
effective separation factor to a value near that obtained by Smith and 
Posey for the equilibrium separation factor . Figure 2 shows that with 
an effective separation factor of l o 02 a reasonably large concentration 
gradient will be established after a small number of pas ses . Efficient 
stirring might also allow a more rapid zone movement . 
Such stirring might be accompli shed by ultrasonic techniques . 31 
High-frequency vibrations could be introduced by mechanical or by magneto-
. l ' 
strictive methods into the shaft of the spiral , or � pie zoelectric ' trans-
ducer might be immersed directly in the thermostat bath. 
CHAPTER V 
SUMMARY 
A theoretical analysis was developed for the separation of the 
isotopic forms of water by a zone-refining process o The separation was 
experimentally confirmed but was found to be much less than that predicted 
by the theory. The quantitative discrepancy was attributed to the very 
slow rate of diffusion in the water . 
Several methods were suggested by which the magnitude of the iso­
topic separation might be increased, and by which the batch process 
might be converted into a continuous process . 
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PART II 
THE REACTION OF IRON WITH MIXTURES OF ORDINARY 
AND HEAVY WATER 
CHAPTER I 
INTRODUCTION 
A .  The Problem 
An important part of the development of nuclear power is the 
procurement of heavy water which is used as a moderator in certain 
types of nuclear reactors . A moderator slows down the neutrons , which 
are produced in fission� to speeds at which they are more efficient in 
producing further fission . It can be seen from Table I
1 
that heavy 
water has a decided advantage as a moderator . The current high cost of 
heavy water is a serious disadvantage, however .  A1 though the heavy 
water represents a capital investment, since it is not consumed in the 
operation of the reactor, the interest charges on the investment may 
contribute significantly to the cost of nuclear power production. 
Since the natural concentration of deuterium in water is approx-
imately 1 part in 7000 , and since separation factors are relatively 
small for all available processes , it is necessa_� in the initial con­
centration stages to handle very large quanti ties of materials . The 
initial hundred-fold enrichment is responsible for the maj or portion 
of the production cost . 2 As concentration proceeds smaller and smaller 
amounts of material remain to be processed . 
Separation processes may be classified according to energy re­
quirements as shown in Table II . 2 The highest separation factor is ob­
tained in the electrolytic process . However, the energy cost is high 
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TABLE I 
MODERATING POWER OF SEVERAL MATERIALS1 
Scattering Cap ture 
Cross Section Cross Section 
(barns) (barns) Moderating Power* 
Material OS oc M = (CT sf OC) E 
Natural Water 46 0 . 66 67 
Heavy Water 10 • .5 0.0009 .5820 
Beryllium 6 0 .009 160 
Graphite 4.8 o.oo45 169 
*E is the mean log energy loss per collision . 
TABLE II 
HEAVY WATER PRODUCTION METHODS2 
Method 
A o High Energy Requirements 
l o  Diffusional Processes 
2 .  Electrolysis of Water 
3 .  Centrifugation 
B o Moderate Energy Requirements 
1 .  Chemical 'Exchange Reactions 
2 .  Water Distillation 
3 .  Ammonia Distillation 
4. Adsorption Processes 
C .  Low Energy Requirements 
l .  Hydrogen Distillation 
D .  Very Low Separation Factors 
1. Fractional Crystallization 
2 .  Solvent Extraction 
3 .  EXtractive Di stillation 
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Approximate Energy 
Cost Per Pound 
of Heavy Water 
$20 
$10 - $15 
$10 
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and the method is economically practical only when a market exists for 
electrolytic hydrogen or when the method is used for the final concen-
tration of water which has been enriched by a more economical process .  
The Consolidated Mining and Smelting Company o f  Canada, Ltd. , at Trail, 
British Columbia produces large quantities of electrolytic hydrogen 
for the synthesis of ammonia. 3 Prior to the ammonia synthesis the elee-
tro1ytic hydrogen is processed for the recovery of deuterium. Initial 
enrichment is obtained by several stages of catalytic exchange with 
water . Final enrichment is obtained in several electrolysis stages .  
The commercial production of hydrogen by the reaction between 
iron and steam4 is economically competitive with the electrolytic 
proces s .  The process i s  conducted at temperatures of 1500° to 1800° F .  
The reaction i.s rapid at this elevated temperature, but the separation 
factor is much smaller than that which may be obtained at lower temper-
atures . 
Smith and Pose�-B studied the reaction between iron and water 
in the temperatm·e range 80° to 130° and between iron and steam in the 
temperature range 118° to 340° . They observed separation factors of 
4.42 to 5.22 for the reaction with water and of 1 .4 to 3 . 2  for the re-
action with steam . The reaction rate at these temperatures is much 
lower than that in the commercial process . Some increase in the re-
action rate was obtained by using finely divided iron powder which had 
a large specific surface area. The reaction was found to be stifled by 
its products before the iron powder was consumed. 
The production of hydrogen by the reaction of iron with water is 
a corrosion process which is generally assumed to proceed by a galvanic 
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mechanism, with hydrogen gas being liberated at cathodic positions on 
the metal surfac� and with · iron beiBg oxidized at anodic positions on 
the surface . 9 '10 In order for the reaction to take place a complete 
electrochemical cell must be formed. The electrodes may be formed by 
chemically dissimilar areas of the metal surface or by concentration 
gradients within the electrolyte. Part of the electrical path is be-
tween the cathode and the anode within the metal3 and the remainder of 
the path is through the solution wbioh is in contact with the metal. 
In the decomposition of water by the reaation with iron� as in 
the electrolysis of water� the residual water is enriched in the heavy 
isotope9 and the hydrogen. 1�ch is produced is  enri�hed in the lighter 
isotope . Isotope enrichment has also been observed in the reaction be-
11-14 tween water and other metals . 
The reverse reaction� the reduction of iron oxide by hydrogen gas, 
gives isotope enrichment . 6-8 In this case9 the water which is produced 
by the reaction is ePxiched in the heavier isotope, and the residual 
hydrogen is enriched in the lighter isotope . Therefore, the forward 
and the reverse reactions combine to concentrate the heavy isotope, 
deuterium, in the liquid phase and to concentrate the lighter isotope 
in the gas phase . 
The work discussed in this report was a continuation of the inves-
tigation which was begun by Smith and Posey. The following factors, 
which affect the reaction rate and the isotope separation in the pro-
duotion of hydrogen by the reaction of iron with aqueous salt solutions, 
were investigatedg 
( l) The chemical and the physical condition of the metal; 
( 2 )  The nature of the salt solution; 
(3) The temperature; 
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(4) The effect of various cathodic surfaces which were introduced 
by plating other metals onto the iron; 
( 5) Methods of stirring the solutions . 
Corrosion processes are usually investigated with the purpose of 
reducing or eliminating the corrosion. However:J the reverse was true 
for the work discussed in this report . An attempt was made to increase 
the reaction rate in order to take advantage of the increased isotope 
separation fa©tor which may be obtained by lowering the temperature . 
B o The Separa-tion Fac:rto1• 
1 o Equilib:r'ium Separation Factor 
The equilibrium separation factor may be defined by equation 1, 
(D/H) a 
(D/H)b 
(1) 
where D and H may be expressed as the concentration, the mole fraction, 
or the mole per cent of deuterium and of hydrogen in for�s a and b .  The 
relationships were discussed in detail in Section I of this rep6�t . 
2 .  Kinetic Separation Factor 
A process for separating hydrogen and deuterium may depend upon 
the relative reaction rates of the two isotopic forms . If the reaction 
is first order with respect to the hydrogen and the deuterium concentra-
tions, the kinetic separation factor may be expressed by equation 2 ,  
d., ,  dD/dt • H 
dH/dt D 
d ln D/dt d 1n D ... "" 
d ln H/dt d ln H 
where ciD/dt and dH/dt are the rates of reaction of deuterium and of 
( 2) 
hydrogen and where D and H are the concentrations of D and of H in the 
reacting material . In the present case the reacting material may be 
either liquid water or steam. 
Equation 2 may be rearranged and integrated between limits to 
give equation 3 ,\l  
Ho Do � ln -- = ln --H D ( 3) 
where Ho and D0 are the initial concentrations and H and D are the .final 
concentrations of hydrogen and of deuterium in the reacting material . 
The conditions upon which the above derivation of the kinetic sep-
aration factor is based are analogous to a Rayleigh distillation in which 
the parent material become s progressively depleted in one of the isotopic 
forms as the reaction proceeds . 
The extent of the reaction may be made small enough so that the 
concentrations in the reacting material are essentially constant through-
out the reaction. When this condition exists it is possible to use the 
expression for the equilibrium separation factor as a good approximation 
of the expression for the kinetic separation factor . 
Eyring and Cagle15 calculated the theoretical kinetic separation 
factor for the production of hydrogen by the metal-water reaction. Their 
calculations were based on the mechanism16 
HOH + Me � HO - - H - - Me ---7 HO + HMe (4) 
in which the rate was assumed to be first order with respect to the hy-
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drogen and the deuterium concentrations . They arr�ved at equation 5,  
sinh (h}6H/2kT) d_; (5) 
sinh (hJ6n/2kT) 
which at ordinary temperatures may be simplified to give equation 6 .  
o__ = e 14J.O /RT (6)  
. ll-l4 17-19 Although experimentally deter�ned separatlon factors ' 
have generally been lower th�n those predicted by equations 5 and 6T the 
temperature dependence has been verified. The theoretical treatment of 
Eyring and Cagle does not account for the variation in the separation 
factor which is produced by changes in the chemical and the physical 
nature of the cathode . This variation has been observed in many inves� 
ti t . 11, 17 , 18 ga lOllS , 
CHAPTER II 
EXPERIMENTAL 
A.  Apparatus 
1 . Reaction Rates 
a .  Method A. The apparatus illustrated in Figure 1 was used 
in eollecting most of the data on the rate of the iron-water reaction . 
The reaction flask was made from a Pyrex tube with an inside diameter 
of about 1 em . Eight flasks and 8 manometers were provided so that a 
large amount qf data could be collected quickly. 
The volume of the salt solution used in each flask was approxi­
mately 10 ml .  The gas -phase volume· of a flask and manometer combination 
was approximately 12 ml .  The flasks and the manometers were paired in 
a random manner in order to reduce the effect of inaccuracies in their 
volume calibrations . 
The flasks were connected to the manometers through ball joints 
which were sealed with Apiezon-T grease .  Test runs indicated that the 
ball j oints , when clamped, could hold hydrogen gas at an internal 
pressure of 50 em. of mercury for a week without a noticable lo ss in 
pressure . O ccasionally a leak developed during a run. However, leaks 
could be detected easily when the data were plotted. They were indi­
cated by an abrupt decrease in the apparent reaction rate . 
The general procedure for a run was as follows : 
(1)  Several glass beads were placed in the flask to support the 
iron sample at a distance of about 1 em. above the bottom 
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ometer Tube 
��------�Rubber Tube 
--------------+-+------------------Thermostat Liquid Level 
Reaction Flask Liquid Level 
�----------------Reaction Flask 
�---------------Sample 
lr"t"'r1�--------------- Pyrex: Beads 
Figure 1 
Apparatus for Measuring Rate of Hydrogen Evolution 
(Method A) 
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of the flask; 
( 2 )  A freshly prepared iron sample was placed in the flask; 
(3)  A freshly prepared salt solution was filtered directly 
j_nto the flask until the liquid surface reached the lower 
calibration mark; 
(4) The flask was clo seq. and was lowe.red into the thermostat; 
(5)  After temperature equilibrium was reached, which usually 
required about thirty minutes, the pressure in the flask 
was read periodically from the attached manometer. 
b .  Method B .  The apparatus illustrated in Figure 2 was used to 
check the data obtained by Method A .  It was necessary to show conclusive­
ly that the ball joints did not leak, since leaks would cause the appar­
ent reaction rate to be lower than the correct value . 
The volume of the flask was about the same as that of the flasks 
used in Method A .  However, the manometer was sealed onto a side arm 
which contained a mercury reservoir. Two marks were made on the flask . 
The lower mark was at the surface of the salt solution. The volume of 
the flask up to the lower mark and the volume between the two marks 
were determined by adding water to the flask . 
After the flask was loaded with the reactant s ,  the neck was cut 
off with a torch as near as possible to the upper mark . A capillary 
vent was left, which was sealed when the reactants had been brought to 
temperature equilibrium with the thermostat . Otherwise, the procedure 
was the same as that described for Method A .  
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�--- Manometer Capillary Tube 
------------------H+--- Thermostat Bath 
Flask 
Sealed off 
Flask ---+ 
Liqu:id 
Level 
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�----·-++!---- Reac·tion Flask 
�-+++---- Mercury Reservoir 
Sample 
Pyrex Beads 
Figure 2 
Apparatus for Measuring Rate of Hydrogen Evolution 
(Method B) 
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c .  Method C .  The apparatus illustrated in Figure 3 was de­
signed for runs on a larger scale than was possible with methods A and 
B.  A 1200-ml . receiving flask was separated from the reaction flask 
by a mercury check valve . The valve was described by Posey. 7 Before 
each run the receiving flask was evacuated. The use of the mercury 
check valve with the evacuated receiving flask allowed the reaction 
to be run at constant pressure, thereby provi.ding a comparison with the 
reaction-rate data obtained under varying pressures by methods A and 
B .  Since each run required from three to five days 3 several units were 
assembled to expedite the measurements . 
Method C was also used to collect hydrogen-deuterium mixtures 
for the evaluation of separation fa.Gtors . 
d� 'I'hermostat . An oil-bath thermostat)! containing approximate­
ly 5 gallons of oil, was used in ea h of the methods described above . 
The temperature was maintained constant within approximately o . 5° . 
Jln aluminum-block thermostat� illustrated in Figure 4, was used 
in add.i tion to the oil-bath thermostat with Method C .  The aluminum 
block was heated by a 90-watt cartridge heater which was inserted into 
a hole drilled in the block. Temperatur'e regulation of approximately 
0 . 25° was obtained by a Fenwal control inserted into a second hole 
drilled in the block. The block was covered with magnesia pipe insu­
lation. 
With methods A and B a reference flask containing an aqueous so­
lution of sodium chloride was used. Pressure readings on the reaction 
·To 
1ferotiry 
sarety 
Valve 
� Manifold 
f.-Condenser 
+- Reaction 
Flask 
Stopcock )( 
To Copper Oxide 
Furnace 
Figure 3 
Mercury 
Metering 
Valve 
1200 ml .  
Apparatus for Measuring Rate of Hydrogen Evolution and 
Collecting Hydrogen for Separation Factor Measurements 
(Method G)  
To 
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Figure 4 
Aluminum Block Thermostat 
(Approximately 1/3 True Size) 
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flasks were made d:uring the portion of the themostat heating cycle in 
which the reference-flask pressure was at a predetermined value. There­
fore, the iva.ter vapor pressure was constant .for all readings which were 
made during a run .  
In method C a water-cooled reflux condenser was placed directly 
above the reaction flask . The eooling-water temperature was usually 
about 15° . Since the mercury eheak valve was set to operate at a pres­
sure of approximately 8.50 mm. ?f mercury the partial pressure of the 
water vapor was less than 2 per cent of the total pressure in the ap­
paratus and it was disregarded. 
2 . Separation Factors 
a. � Method Q. The hydrogen-deuterium mixture, which was col­
lected in the receiving flask shown in Figure 3, was oxidized by copper 
oxide at appz•ox:imately 300° in a Pyrex tube furnace .  The water which 
was produced by this reaction was collected in a cold trap . The method 
has been described in detail by Posey. 7 
A small sample of the salt solution was taken before and after 
each run. The samples were vacuum distilled, and the water was collected 
in a cold trap. About 130 ml .  of salt solution was used in each of the 
runs . The amemnt of water which was consumed in the reaction was small 
:l._n comparison to the total amount of water present . However, the change 
�n the composition of the residual water during a run was large enough 
to affect the calculation of the separation factor . Therefore the 
arithmetical average of the compositions at the beginning and at the 
end of the run was used in calculating the separation factor . 
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The isotopic composition of the water samples was determined by 
the fal ing-drop method of Combs, Googin, and Smith. 20 
b.  !31:: Electrolysis .  Separation factors were determined in a 
series of electrolysis experiments with an external E .  M.  F.  of abou·t 
4 volts and a current density of 0 . 06 to 4 amperes per em. 
2 The direct 
current was obtained from a combination of a selenium rectifier and a 
va:riable transformer. 
All electrolysis experiments were conducted with 1 !· ferrous 
chloride solutions at temperatures of 30° to 45° . The heating was a 
result of the current carried by the solutiono 
A much larger fraction of the water was decomposed in the elec­
trolysis runs than in the runs by method C .  No hydrogen was collected 
in the electrolysis runs . Instead, the separation factor was determined 
from the i�itial and the final concentrations of the reacting water. 
Most, of the el.ec·trolysis experiments were conducted in a simple 
apparatus wr.d.ch consisted of a 180-ml . tal -form beaker)> a cathode and 
an anode, and a source of direct current .  
Experiments with this simple apparatus were further classified 
with respect to the manner of stirring the solution. In the first type, 
the only stirring was that which was provided at the surface of the 
cathode by the evolution of hydrogen gas . In the second type� the beaker 
was placed in the oil bath of an ultr�sonic generator, directly above 
the barium titanate crystal transducer. The ultrasonic generator, which 
was manufactured by the Crystal Research Laboratories of Hartford, 
Connecticut, produced sufficient energy to create an oil-water emulsion 
in a test tube in less than one minute . 
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A third type of stirring was obtained with the apparatus shown 
in Figure 5.  The center rod, which was rotated at various speeds by 
a cone-drive stirring motor, was the cathode . The rotation of the 
cathode provided some stirring at its surface .  For additional stirring 
an off-balance weight was attached to the upper portion of the rodo In 
this manner the cathode was caused to v.Lbrate vigorously as it rotated. 
B .  Materials 
1 .  Salt Solutions 
Most of the reac·tion-rate experiments and all of the separation­
factor experiments were conducted with 1 M .  fe:t•r.ous chloride solutions . 
For runs in which no measuremen� of the separa·tion factor was made, 
ordinary distilled 1vater was used for the prepa:t"ation of the salt solu­
tion. A sta.lldardi zed hydrochloric acid solution was prepared . The 
acid was added through a reflux condense� to an excess of iron powder 
in a 500-ml . Florence flask . The mixture W'as digested on a steam bath 
for two hours or more . Apparently with shor·ter di gestion periods small 
amounts of unreacted acid sometimes :c•em.ained and produced erroneously 
high reaction rates during the early part of some of the runs . 
Immediately before a run the freshly prepared salt solution was 
filtered through Whatman No . 1 filter paper directly into a reaction 
flask which contained an iron sample . The filtrate was a clear blue­
green color . 
For runs in which separation-factor meaSUI'ements were made , the 
above procedure for preparing the salt solutions was modified. A salt 
4 Volts D .  C .  
To 
Cone-Drive 
Motor 
� Off-Center Weight 
�-------- Cathode, Steel Rod 
._,._-IT----7.--,---' 
< Teflon Bushing 
1----+--i---t �<--- Liquid Level 
�---·- Anode 5 Steel Tube 
Figure 5 
Electrolysis Cell With Rotating Cathode 
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solution of approximately twice the desired strength was p:r•epared as 
described above . A calculated amount of hea�y water was added slowly 
to the h0t salt solution through the reflux condenser . In this manner 
a salt solution which contained approximately 45 mole per cent o f  heavy 
water was prepared. The heavy water was obtained from the Stuart Oxygen 
Company and was reported to be 99 .8 per cent pure . 
Additional runs for the evaluation of reaction rates were con-
d.ucted with 0 . 1  !· , with 2 !· ' and with 3 !· ferrous chloride solutions . 
A few runs were made with 1 M.  ferrous iodide and with 1 M. ferrous sul-
fate solutions, which were prepared by the technique described above . 
2 .  Iron Samples 
a .  Sources . Iron samples in several chemical and physical forms 
were used in studying the effects of physical geometry, surface treat-
ment, fabrication method, chemical compo sition, ete . ,  on the reaction 
rates and on the separation factors . The materials ax•e described below: 
(1) Iron powder (reduced by hydrogen) was obtained from Merck 
and Company. Several runs were made with this material in 
order to check the results which were reported by Smith and 
c;_a Posey-- and to obtain practice with the measurement technique . 
( 2 ) Iron wire, a reagent grade for standardization purpo ses, was 
obtained from the J .  T .  Baker Chemical Company and from the 
Baker and Adamson Chemical Company. The wire size was AWG-36 . 
(3 )  Small slugs of extremely pure bulk iron were obtained from 
the Bell Telephone Laboratories and from the Batelle Institute . 
A discussion of the preparation of very pure iron samples has 
b . b M 
21 een gLven y oore . 
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(4) Ordinary low-carbon steel plate, rod, and tubing samples 
were also used. 
b .  Fabrication. The iron and steel samples were .fabricated as 
follovrs : 
( 1) Wire samples of a known length were wound onto a glass spindle 
of 3 mm. diameter . The spiral length was about 3 em. for 1 
meter of wire . When the glass spindle was removed� the spiral 
diameter expanded to about 5 mm .  
( 2 ) Small cylindrical slugs of very pure iron were machined on a 
lathe . In some cases additional surface smoothing was obtained 
by filing or by polishing with emery cloth. 
(3) Small rectangular slugs of steel plate were cut with a hack-
saw and were smoothed with a file and with emery cloth. 
(4) Steel tube and rod sections were cut with a hacksaw and the 
ends were smoothed with a file . 
c . Cleaning. In most cases the metal samples were cleaned by 
washing with hot C .  P .  toluene and then by pickling in various acids . 
It has been .found that traces of hydrophobic contaminants on the surface 
of metals are often not removed by treatment with organic solvents or 
with non-oxidizing acids . The -presence of hydrophobic contaminants may 
have a significant effect on the rate of chemical reactions at the sur­
face of the meta1 . 22  Such contaminants may be removed by treatment with 
an oxidizing acid or by air oxidation at elevated tempe-ratures .  However, 
reaction rate data obtained from several samples which were cleaned by 
each of these two methods were essentially the same as the data obtained 
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from samples cleaned in the ordinary manner described a'bove . An addi� 
tional test o f  the cleanliness of the metal surfaces was based on the 
fact that a water drop exhibits a measurable contact angle when hydro­
phobic contaminants are present on the surface of the meta1 . 22 In the 
absence o f  such contaminants the water drop spreads and wets the surface, 
producing a contact angle which is too small to be detected . The appa­
ratus required for this test are a...11 ordinary nebulizer for applying small 
drops of distilled water to the metal &"U.rfa�e and a low-power magnifying 
glass for observing the eontac·t angle of the drops on the metal surface . 
A pi ece o f  freshly split mica provides a clean surface for reference 
purposes . 
d.  Pla-ting. Cathodic surfaces can 'be applied to iron powde:t� 
only by generalized chemical means which provide no control over the 
fraction of the surface which is covered. However, with bulk samples 
predetermined fractions of the surface may be plated with a vari ety o f  
metals . 
Several methods were used for the application of metal surfaces 
to the iron samples . In the simplest of these the iron sample was par­
tially immersed in the appropriate salt solU'tion, and the plating was 
accomplished by ordinary chemical displacement . The method was used to 
apply mossy coatings of platinum, of palladium, and o f  copper , which 
were easily dislodged from the sample surface . 
Some of the iron samples were plated with bright platinum by 
thermal decomposition . A solution of chloroplatiPic acid was evapo­
rated to d..ryness and was dissolved in a small amount of ethyl alcohol . 
Ten volumes of synthetic oil of wintergreen were added per volume of 
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alcohol . The oily solution was applied to the surface of the iron and 
was burned off at a low heat i-n a gas flame . Approximately a do zen 
successive applications gave a heavy coating of bright platinum which 
was attached quite firmly to the foundation metal . The platinum could 
be removed by undercutting with strong hydrochloric acid. 
The major portion of the plating was applied electrically by a 
brush-plating technique . Kits for this purpose were obtained from the 
Rapid Electroplating Company of Chicago , Illinois . Surfaces of gold, 
silver, copper, brass9  ni�kel, a.nd cadmium were applied in this ma.nner . 
In these kits the metal salt was blended with a star·�h-base paste, which 
was applied with a brush. In the electrical ((;:ircm.it the iron sample was 
one electrode and the brush was the other electrode . The metal salts 
were present as the chlorides ,  except for the gold and the silver which 
were present as chloride-cyanide mixtures .  'l'he cathodic coating applied 
in this manner was thiny and flaws in the foundation metal could not be 
covered. In addition, ��der the conditions of the reaction the coatings 
did not adhere fir�y to the foundation metal . 
e .  Surface Area . The surface area of the iron powder was me as-
ured by the BET-niti�gen-adsorption method and by the krypton-adsorption 
method. The values found by these two methods were 3 . 5 meter2 gm .  -l and 
3 . 4  meter2 gm. -1 respectively. The iron powder used in this work was 
believed to be from the same stock as that used by Posey, 7 which was re­
ported to have a surface area of 1 . 6  meter2 gm . -l . Posey' s value was 
obtained by the BET-nitrogen-adsorption method and by the rapid-nitrogen 
adsorption method.  
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The surface area of a sample of the J .  T .  Baker iron wire was 
measured by the k".rypton-adsorption method and was found to be 24.3 om. 2 
meter-1 • A roughness factor of ' 3 o67 was calculated from the surface 
area and the wire dimensions . 
The bulk-iron samples,  other than the wire, were too small for 
surface-area measurements to be made on them. In order to provide some 
basis for comparison of surfaces� photomicrog:r>aphs we:r>e made of several 
of these sampleso  The photographs are shown in Figures 6-a through 6-i. 
The wire in Figure 6-a is a sample of the J "  T .  Baker material .  All of 
the photographs were made with 50X magnification. 
0 • Calcmlations 
1. Reaction Rates 
In order to obtain a compa:r•ison between the reaction rates ob­
sezoved with powder and with bulk samples , the rate of hydrogen evolu­
tion was calculated in ml .  em. -2 min . -l . The hydrogen volume was 
corrected to 30° and a pressure of 760 mm. of mercury. At constant 
temperature 
P1 V1 == P2 V2 
P1 L\ v1 = v2 .DP2 
� V1 = (V2/P1) ..6 P2 
.6 V1/cm. 
2 (V2/AP1) � P2 
where V2 = the gas-phase volume of the flask a_�d the manometer; 
P1 = 760 mm. ; 
..6. P2 = the observed pressure change in mm .  of mercury; 
(7) 
(8 )  
(9) 
(10) 
Figure 6-a . 
J. T o  Baker Iron Wire 
A - Fresh Sample 
B - After 100 Hours in 1 �· 
Ferrous Chloride at 98° 
Figure 6-b . 
Low Carbon Steel Plate 
After Pickling With Sulfuric 
Acid to Remove Scale 
Figure 6-c . 
Low Carbon Steel Plate 
After 100 Hours in 1 M .  
Ferrous Chloride at 98° 
, 
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Figure 6-d.  
Battelle Iron Sample 
Before Run . Surface 
Finished With Fine File . 
Figur·e 6-e . 
Battelle Iron Sample 
After 200 Hours in l M. 
Ferrous Chloride at 98° . 
Figure 6-f. 
Same Sample as in Figure 6-e . 
Surface Refinished With Fine 
File and Emery Cloth . 
6o 
Figure 6-g. 
Battelle Iron Sample 
Afte� 300 Hours in l M • 
... 
Ferrous Chloride at 98° . 
Figure 6-h . 
Bell Telephone Iron Sample 
After 200 Hours in 1 M .  
Ferrous Chloride at 98° . 
Figure 6-i . 
Low Carbon Steel Tubing 
After Pickling With 
Suli\u•ic Acid to Remove 
Scale . 
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A =  the sample surface area in cm . 2 � and 
D V1 = the total volume of hydrogen e·vol:ved, corrected to 30° . 
The values of .6 V1/cm . 
2 , as the ordinate, were plotted versus 
time, as the abscissa, and the reaction rates were determined from the 
slopes of the lines. In almost every case a straight line appeared to 
fit the data for the entire run. The slopes of the straight lines were 
determined by the method of least squares,  i.n 'Which the squares of the 
ordinate differences were minimized. For reasons &l.:>:'eady disc-ussed no 
correction for the vapor pressure of wate� was included. 
2 .  Separation Factors 
Since the change in the isotopic composition of the solutions was 
small during a run by method C ,  equation 11 was used in calculating the 
separation factors . 
(D/H) average values for the residual �ater 
(D/H) gas produced by the reaction 
(11) 
where D and H are the mole fractions of deuterium and of hydrogen as 
indicated. Equation 11 has the same form as equation 1, which defines 
the equilibrium separation factor . However, for the condition stated 
above the expression for the equilibrium separation factor is a good 
approximation of the expression for the kinetic separation factor . 
The separation of the hydrogen isotopes by the chemical or the 
electrical decomposition of water is a kinetic process . In the elee-
trolysis runs enough water was decomposed so that there was a signifi-
cant change in the composition of the reacting water . Therefore, for 
the electrolysis runs it was necessary to calculate the separation 
faetors from equation 3 ,  which defines the ld.netic separation factor . 
CHAPTER III 
RESULTS 
A.  Reaction Rates 
1 . Iron Powder 
Method C was used to make several runs with i:r•on powder in 1 !!· 
ferrous chloride solutions at 98° . The rates of hydrogen evolution 
were calculated in ml .  em. -2 min .  -l . The volume term was corrected to 
30° and a pressure of 760 mm .  of mercury. 
Table III summarizes the reaction rates whieh were obtained in 
this manner. The data provide a compa�son between the present work 
and that of Smith and Posey? ' 8 and confirm the quenehing effect which 
they reported for the reaction with iron powder. 'l'he data also allow 
a compa.:cison to be made between the reaction rates observed with iron 
powder and with bulk-iron samples o 
2 .  Bulk Iron 
a. Unplated samples. Reaction-rate measurements were made with 
bulk iron and steel in several physical and chemical forms in order to 
evaluate the effect of physical geometry, of surface preparation, and 
of physical and chemical composition on the reaction rates . The samples 
were supported by glass beads at a distance of approximately 1 em. above 
the bottom of the rlask, as shown in Figures 1-J . A black, magnetic-
oxide product settled to the bottom of the ·flask, and other oxide prod-
ucts collected at the surface of the salt solution as the run progressed. 
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TABLE III 
RATE OF HYDROGEN EVOLUTION IN THE REACTION OF IRON POWDER 
WITH 1 M.  FERROUS CHLORIDE SOLUTION AT 98° 
Extent of Reactiona 
ml .  cm.-2 x 104 
Data Source A B 
Smith and Posey7 ,
B 
32 15 
Present Work 32 15 
Smith and Posey? ,
B 
100 46 
Present Work 100 46 
Reaction Rate 
ml. Cma-2 min.-1 X 104 
A B 
0 . 86 o . 4o 
0 . 84 0 . 39 
0.12 o . o6 
0.,22 0.10 
�� .- Calcul
. 
ated on the assumption of a specific surface area of 
1 . 6  x 1� cm.2 gm. -1 . 
B 4 Calculated on the assumption of a specific surface area of 
3 . 45 x 10 cm. 2  gm.-1. 
avalues arbitrarily selected. Does not indicate completion of 
reaction. 
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No oxide product was visible on the surface of the samples . Although 
the total quantity of hydrogen evolved per cm . 2 of surface area was 
many times larger than that produced in the reaction with iron powder.� 
no quenching was observed. 
Variations in the nature of the sample had very little effect on 
the rate of the reaction. The surfaces were prepared in a variety of 
ways . Different degrees of roughness were introduced by machining.? by 
filing, and by polishing with emery cloth. Some of the samples were 
pic�JLed extensively in hydrochloric acid or in sulfuric acid before 
starting the runs . In addition, the �orrosion which occurred during a 
r� increased the surface roughness . Typical surface conditions are 
illustrated in Figures 6-a through 6-i . 
The reSUlts of measurements made with 1 M .  ferrous chloride solu­
tions at 98° are summarized in 'l'able IV . The reootion rates, which were 
essentially constant throughout each run, were averaged ax-ithmetically, 
and no distinction was made regarding the surfade p!'eparation of the 
sample. Since for the bulk-iron samples tr-ue surface area measurements 
could not be made, except on the wire samples� a unit rouglLness factor 
was arbitrarily assumed for all of the bulk-iron samples in calculat­
ing the rates . 
In any heterogeneous reaction the surface area should be a 
factor in the reaction rate. This conclusion was confirmed by the fact 
that reaction rates, calculated per unit of surface area, were in -rea­
sonable agreement for runs with iron powder and with bulk iron, al­
though the specific surface areas of the two forms differed by orders 
of magnitude . The significant surface area appears to be determined 
TABLE IV 
RATE OF HYDROGEN EVOLUI'ION IN THE REACTION OF BULK IRON SM�LES WITH l M .  
FERROUS CHLORIDE SOLUTIONS AT 980 
Extent of Reaction 
Sample ml .  cm. -2 x 104 ml .  
Wire ( J .  T .  Baker) 7000 
Wire (Baker and Adamson) 10000 
Low Carbon Steel Plate 7000 
Low Carbon Steel Tubing 11000 
Pure Iron (Battelle) 14000 
Pure Iron (Bell Telephone) 10000 
*Precision is defined throughout this report as 
P :: ± L d 
n \{fl 
Reaction Rate 
cm. -2 min. -1 x 104 
1 . 54 
1 . 55 
0 . 90 
1 . 07 
1 . 17 
1 . 04 
n'�-
2 
13 
3 
2 
5 
3 
Precisiozrl� 
0 . 01 
o . o5 
o .o4 
0 . 05 
0 . 07 
0 . 07 
where d is the deviation of a single measurement from the arithmetical average, and where n is the 
number of measurements considered in the calculation. 
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by the gross dimensions of the metal rather than by the condition of 
the swfaoe .  This observation has been reported elsewhere .10 Reacticm 
rates with iron powder agreed very well with those obtained by Smith 
and Posey, ? , B  although the specific surfaee area reported by them was 
1.6  x 104 cm. 2  gm.-1 as compared with 3 . 4  x 104 cm. 2  gm.-1 fou_nd in the 
current investigation. With bulk-iron samples the condition of the 
metallic su.rface9 as illustrated in Figures 6-a till:•ough 6-i9 appeared 
to have little or no effect upo:q. the reaction rate . The reaction rates 
per unit of surface area were in fair agreement when an arbitrary 
roughness factor of unity was assumed, although a roughness factor of 
3 .67 was actually found for the iron wire.v and visual examination of 
the iron slugs indicated that their rough...TJ.ess factor was probably 
greater than unity. 
The effects of temperature, salt type9 and salt concentration 
were investigated. For tempera·tures somewhat above 100° it was neces-
sary to operate the system at a pressure greater than atmospheric . The 
increase in the reaction rate did not appear to justify the increased 
manipulative problems associated with pressurized operation. Therefore 
the majority of the investigation was conducted at a temperature of 
approximately 100° . 
Several salt types were investigated. Ferrous chlorl.de was 
chosen for most of the work since it appeared to produce a slightly 
greater reaction rate than any of the other salt types which were 
studied and since it was desirable to have a direct comparison with 
the earlier work of Smith and Posey .  .lln incr!"ease in the salt concen­
tration to a value greater than 1 M.  produced only a slight increase in 
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the reaction rate . 
The effects of temperature, salt type, and salt concentr·ation 
are summarized in Tables V, VI, and VII. 
b .  Partially: plated samples. The tendency of metals to corrode 
by displacing hydrogen ions from solution is indicated in a general way 
by their position in the electrochemical series
23 which is shown in 
Table VIII . It should be noted that the potentials gi·ven in the table 
apply only to the conclit,ion where the metal is in contact w.i.. th a solu-
tion of the incli.�a-ted ion at unit a(rt:i v1:ty . In add.i tion the potential 
is for a zero current condition. In a uorrosion cell the electrical 
path within the metal between the c:a·thode and the anode has a very low 
ohmic resistance whieh affects the measured potential differenc:e between 
the two electrodes . In addition the phenomenon of hydrogen overvoltage 
is not included in the table . The relationship between potential and 
corrosion rate h�s been discussed in detail by Hayes .
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Some measurements of the reaction rate were made with samples of 
wire, of Bell Telephone iron, of Battelle iron, and of steel plate which 
·were partially plated with mossy deposits of platinum, of palladium, and 
of copper . In general, the initial rates were several times larger 
than those which were obtained with unplated iron samples . However, 
the hydrogen evolution rates dropped off and approached the values 
which were obtained with unplated iron . The mossy deposits had a 
tendency to become detached from the iron, and they collected a layer 
of red-brown iz•on oxide very quickly . This ox:i.de layer eventually 
turned black o The reproducibility of the rate measurements with this 
type of plating wa.s very poor . 
TABLE V 
RATE OF HYDROGEN EVOLUriON IN THE REACTION OF BULK IRON VITTH VARIOUS CONCENTRATIONS 
OF FERROUS CHLORIDE SOLUTION AT 98° 
Wire (Baker and Adamson) Low Carbon Steel Tubing. 
Reaction Rate Reaction Rate 
Salt Concentration ml . cm . -2 min.-1 x 104 n Precision m L  cm . -2 �n�-1 x 104 n Precision 
Distilled Water o .o6 2 0 . 01 0 . 65 2 0 . 03 
0 . 1 M.  0.32 3 o . o5 o .  74 2 o . ol 
1 . 0  M .  1 . 55 13 o . o.5 1 .07 2 o.o5 -
2 . 0 M .  2 . 06 6 0 . 05 1 . 30 2 o . o4 
. 
3 . 0  M .  2 . 10 .3- o . o4 1 .38 2 0 . 03 
TABLE VI 
RATE OF HYDROGEN EVOLtrriON IN THE REACTION OF IRON WIRE 
WITH 1 M. FERROUS CHLORIDE SOLtrriONS 
AT VARIOUS TEMPERATURES 
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Temperature ml. 
Reaction Rate 4 
cm . -2 min . -1 x 10 Ii Precision 
80° 0. 72 2 o.o4 
98° 1 . 55 13 o .o5 
115° 3 .05 2 0.07 
TABLE VII 
RATE OF HYDRDGEN EVOLUTIONS IN THE REACTION OF IRDN WIRE 
WITH VARIOUS 1 M. SALT SOLUTIONS AT 98° 
Rea�tion Ra:t.e 
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Salt Solution ml .  em. -2 min.�l x lo4 n Precision 
Ferrous Chloi>ide 1.55 13 0.05 
FerJl"ous Iodide o . 51 3 0 . 06 
Ferrous Sulfate 1.12 3 0 . 02 
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TABLE VIII 
OXIDATION POTENTIALS OF SELECTED METALs23 
Metal Reaction Potential 
Magnesium Mg ... Mg++ + 2e -t:2 . 37 
Aluminum Al ... Al+++ + 3e +lo 66 
Zinc Zn ... zn++ + 2e +0 . 76 
Chromium Cr ... cr++++ 3e +0 . 74 
Iron Fe ... Fe+++ 2e +0 .44 
Cadmium Cd -+ Cd+++ 2e +0 .40 
Nickel Ni -+ Ni+++ 2e +0 . 2.5 
'I' in Sn -+ sn+++ 2e  +0 .14 
Lead Pb ... Pb++ + 2e +0 .13 
Hydrogen H ... W + le +0 .00 
Copper Cu -+ cu++ + 2e -0 . 34 
Mercury 2Hg -+ Hg�+ + 2e -0 . 79 
Silver Ag -+ Ag+ + le -0 .80 
Platinum Pt + 2H20 ... Pt(OH) 2 + 2W + 2e -0 .98 
Palladium Pd .... Pd++ + 2e -0 .99 
Gold Au ... Au+++ + 3e �1 • .50 
73 
Some runs were made with iron samples yffiich were partially plated 
with bright platinum which was applied by thermal decomposition. The 
rate of hydrogen evolution was 3 to 5 times as great as that obtained 
with unplated iron. The rate did not fall off with time, and there was 
no visible accumulation of iron oxide on the platinum surface .  At the 
end of a run of this type, the platinum plate was stripped by under-
cutting the platinum with strong hydrocruoric aoidJ and a second run was 
made on the stripped iron sample . The rate 1J'dth the stripped sample 
was much lower than the original rate on an unplated sample . 
Plating was applied electrically by the brush-plating technique 
to sections of steel tubing. The entire outside surface of the tube was 
plated by this method. Since the tube wall was thirr_, the plated surface 
was approximately 5o per cent of the total surface o  The effect of rela­
tive cathode and anode areas was investigated by Vfuitman and Russe11 .
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Figure 7 illustrates the relationship between the corrosion rate and the 
relative electrode areas .1° For a fixed anode are� an increase in the 
cathode area by a factor of 20 increased the corrosion rate only by a 
factor of 10 above the normal corrosion rate . It should be noted that 
the corrosion rate in Figure 7 is specified per unit area of the anode. 
The current density at the cathode actually dropped by a factor of 2 .  
It therefore appeared that for a fixed total sample area no significant 
increase in the rate of production of hydrogen would be obtained for 
moderate changes in the relative areas of the electrodes .  A cathode-
to-anode area ratio of approximately urdty was chosen as a convenient 
and easily reproducible value . 
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Ratio of Copper Area to Iron Area 
Figure 7 
Effect of Area of CopP.er Cathode on Galvanic Corrosion of 
Iron Anode in Aerated 3 Per Cent Sodium Chloride Solution 
at 300 10 
20 
.. 
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The increase which was produced in the reaction rate by the 
artificial introduction of galvanic couples is shown in Table IX . 
Cathodic pola.r,iza·tion by hydrogen probably prevented the reaction rate 
:from being much larger., Oxidizing agents are power.f'ul corrosion accel­
erators because of their ability to depolarize the cathode by the oxi­
dation of hydrogeR to form water . Dissolved oxygen is a common depolar-
izi.ng agent and its effect on the corrosion r•ate i.'S shown in Table 
x.10' 25,26 It ca.n be seen that cathodic depolariza:tion may further· 
increase the. rea©tion rate by an order of magnitude or more . Since hy-
drogen was the desired product in the current work� it was not possible 
to take advantage of o:tidative depolarization of the cathode . Instead, 
the prepar.•ation and the handling of ·the salt solutions was done in such 
a manner as to minimize the amount of dissolved air . The ferrous · solu-
tions were continually in contact w.i. th excess metallic: iron and were 
always a blue-green color . 
Most of the hydrogen was evolved at the cathodic sux'face9 which 
did not appear to collect an oxide layer. However, some bubble forma-
tion was still observed at the unplated surface .  The most vigorous 
evolution of hydrogen occurred on the cathodic surface near its edge, 
and a portion of the plating usually flaked off during a run, as if it 
were undercut 'by the chemical reaction. There was some tendency for 
the rate to fall off as the runs with br�sh�plated samples progressed. 
In calculating the rate per unit areaj a unit roughness factor 
was arbitrarily assumed for the plated samples�  as was previously done 
for the unplated samples.  In addition, the area used was that of the 
entire sample .  
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TABLE IX 
RATE OF HYDROGEN EVOLUTION IN THE REACTION OF CATHODICALLY COATED 
ST�� TUBING WITH 1 M. FERROUS CHLORIDE SOLUTIONS AT 98° 
Reaction Rate 
Ca-thodic Surface ml .  Cill o -2 min . -1 X lo4 :n Precision 
Steel Tu.bing 1 .07 2 o .o5 
(Uncoated) 
Gold 4.3  2 0 . 7  
Silver 2 . 8  2 Oo4 
Copper 3 . 1  2 0.4 
Brass 3 . 3  2 0 .4  
Nickel 3 . 9 2 O o4 
Cadmi:u:m 2 • .5 2 o .4  
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TABLE X 
EFFECT OF OXIDIZING AGEN'IS ON THE CORROSION RATE OF METALS10 
Metal Solut.ion 
Corros ion Rate 
rng . dm. 2 day-1 
Nickel Air�saturated 5 per cent 530 
sulfuric acid at 30° 
Nickel Air -free 5 per cent 20 
sulfuric acid at 30° 
Monel Air -saturated s· per cen.t 240 
sulfuric acid at 30° 
Mone l Air-free 5 per cent. 40 
sulfuric acid at 30° 
Monel A.ir-.f'ree 1. 6 per ·�ent 140 
su1furic acid at 30° 
Monel Air-free 1. 6 per cent 1.215 
sulfuric acid plus 0.18 
per cent ferric sulfate 
at 30° 
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B .  Separation Factors 
1 .  !!z Method 9. 
Both plated and unplated samples of s·teel tubing were used in 
the measurement of the separation factor by method C .  With an unplated 
2 sample about 400 em. of surface area W"a.s required in order to generate 
a liter of hydrogen in five days . With cathodically plated samples the 
required time was shorter e 
Steel tubing was used for these runs since it provided the most 
convenient form for plating� for ob'taining a large surface area, and for 
physically supporting the sample in the readtion flask . Eight pieces 
of the tubing were placed on end in the reaction vessel which contained 
approximately 130 ml .  of 1 !!· ferrous chloride solution. Water mixtures 
containing approximately 45 mole per cent of heavy water were used. 
For :t'l.ms with cathodically plated samples the outside surface of 
each tube section was plated. Table XI lists the separation factors 
obtained in the reaction of 1 M. ferrous chloride solution, at 100° j 
with unplated and with plated samples of steel tubing . No measurements 
were made with bright platinum or palladium plate , since the heat treat-
ment used in applying these metals caused a reduction in the activity 
of the foundation metal . 
2 .  By Electrolysis 
A series of electrolyses was performed by the methods described 
in the preceding chapter . The purpose of these runs was to detenn:i.ne 
the effect of vigorous stirring upon the separation factor . The results 
are given in Table XII . 
TABLE XI 
SEPARATION FACTORS OBSERVED IN THE REACTION OF CATHODICALLY COATED 
STEEL TUBING WITH 1 M. FERROUS CHLORIDE SOLUTIONS AT 100° 
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Cathodic Surface Separation Factor n Precision 
Steel Tubing 6.1 4 o . 5 
(Uncoated) 
Gold 5 . 7 4 0 .4 
Silver 5 .6  2 0 . 7  
Copper 6 . 0  2 1 . 0  
Brass 6.0  2 0 . 7  
Nickel 4.8 2 0 . 9  
Cadmium 5 .3  2 0 . 7  
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TABLE XII 
EFFECT OF STIRRING ON SEPARATION FACTORS OBSERVED IN THE ELECTROLYSIS 
OF 1 M. FERROUS CHLORIDE SOLUTIONS WITH STEEL ELECTRODES AT 30° 
TO 45° 
Method of Stirring Separation Factor n Precision 
Hydrogen evolution at 7 . 23 3 0 . 09 
cathode 
Rotating cathode with 7 .61 3 0 . 08 
off-balance weight 
attached 
Ultrasonic agitation 8 . 32 5 0.07 
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In all of the electrolysis experiments with an iron anode, a 
black deposit adhered loosely to the cathode and reactecl vigorously 
with hydrochloric acid to produce hydrogen gas . However, after several 
hours of electrolysis the deposit became firmly attached to the cathode 
ar1d reacted more slowly with hydrochloric acid. After six hours of 
electrolysis with the rotating cathode the deposit was so firmly attached 
to the cathode that it could not be removed from the cell thi·ough the 
hole in the Teflon bushing. The cathode did not become coated when a 
platinum anode was used in the ferrous chloride solutions . A finely 
divided green precipitate formed in the vicinity of the iron anode, 
but did not adhere to it . No coating was visible on the anode in any 
of the electrolyses which were performed. 
CHAPTER IV 
DISCUSSION 
A �  Reaction Rates 
1 .  Experiments With . Iron Powder 
Posey7 , 8 investigated the reaction between water and iron powder, 
for which he reported a specific surface area of 1 . 6  x 104 cm. 2 gm. -1 . 
As part of the investigation discussed in this report some additional 
runs were made w:i th water and iron powder . Although the iron powder was 
believed to be from the same stock as that used by Posey, a specific 
surface area of 3 . 45 x 104 cm. 2 gm. -1 was found. The disagreement in 
the specific surface areas may have been t�1e result of partial oxidation 
of the iron surface, or it is possible that the two powders were not 
from the same stock . It is improbable that the difference in the sur� 
face areas could be the result of analytic.:al errors . All of the meas­
urements were made by the same laboratory. In addition, each value 
given above was obtained by two independent methods as discussed earlier 
in this report. 
Because of the uncertainty regarding the specific surface areas 
the values of the reaction rates for both powders , which are shown Lll 
Table III, were calculated for both surface areas . The calculated re­
action rates for the two powders agree very well, if the two powders 
are arbitrarily asSUllled to have the same specific surface area.  There 
are two possible explanations for this fact. The first is that the mass 
of the iron, rather than the surface area, is the significant factor in 
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the reaction rates . The second is that sub-macro var.iati.ons in the 
specific surface areas, which might account for the disagreement noted 
above, do not significantly affect the reaction rates .  The second 
explanation appears to be more reasonable, especially in view of addi­
tional data obtained with bulk-iron samples . 
The quenching effect, although somewhat smaller than that observed 
by Posey, was confirmed. 
2 .  E£cperiments With Unplated Bulk Iron Sa.mple::il 
a. Effect of temperature))  salt �JI and salt concentration. 
Posey7 discussed in detail the effects of these variables upon the rate 
of the reaction between iron powder and water. For the work discussed 
in this report it was desirable to obtain a large reaction rate with 
simple apparatus and procedures . The data presented in Tables V, VI , 
and VII were obtained for the purpose of determining the most desirable 
operating condi. tions . On the basis of these data it was decided to per­
form the remainder of the experiments in 1 M .  ferrous chlor�de solutions 
at 98-100° . 
b .  Effect of surfaces . With the bulk-iron samples, vari.atio:r1s 
in the surface roughness factor, which were purposely introduced by 
mechanical and by chemical methods, had no observable effect on the re­
action rate . This observation further supports the statements in the 
preceding section which dealt with the surface area of the iron powder. 
The agreement between the reaction rates calculated for iron 
powder and for bulk iron is good� when the relative magnitudes of the 
specific surface areas and the absence of information on the roughness 
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factor of the iron powder are considered. 
c .  Quenohing. No quenching was obseNed in a:ny of the runs 
with bulk-iron samples, although the extent of the reaction per unit 
of surface area was several orders of magnitude greater than that per 
unit of surface area with the powders . Posey concluded that the quench­
ing effect 'Which he observed in the reaction of iron powder with water 
was caused by the deposition of an oxide coating on the anodic portion 
of the surface .  The bulk-iron samples were supported above the bottom 
of the reaction f'lask, and the ma,gnetic oxide product was observed to 
settle to the bottom of the flask . In discussing the formation of oxide 
coatings at the anode ,  Evans27 states that in a solution which is free 
of dissolved oxidizing agents the oxide produ�t will be precipitated at 
some distance from the anode . In a solution containing dissolved oxi­
dizing agents the oxide product will be pre :ipitated at the surface of 
the anode . In the current work the salt solutions were prepared and 
handled in such a man.ner that the amount. of dissolved oxygen and other 
oxidizing agents was minimized. The geometry used in the experiments 
allowed the oxide product to settle away from the sample, while with 
the powder experiments the oxide product settled to the bottom of the 
flask together with the sample. 
3 . Experiments With Partially Plated Bulk Iron Samples 
The acceleration of corrosion by the introduction of galvanic 
couples is  a well-known engineering fact . A common technique for pre­
venting corrosion is based upon the preferential oxidation of an ex­
pendable metal which is included in the system. In the present work 
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the application of cathodic surfaces by plating portions of the iron 
surface increased the rate of hydrogen production by a factor of from 
2 to 4 . 
The data shown in Table X indicate that a reduction of the cathodic 
polariz ation might further increase the reaction rate by a significant 
amount . Oxidative depolarization would not be practical since the pur­
pose of the reaction is to produce hydrogen gas . A large increase in 
the s·arface area, such as that Which is accomplished by platinizing, 
reduces the polar� zation. Abrasion of the cathode, by a technique sim­
ilar to sand-blasting, will also increase the surface area .  Further re­
duction of polarization may be accomplished by stirring. Ultrasonic 
techniques would allow the thin film at the surface of the cathode to 
be stirred vigorously. 
B .  Separation Factors 
1 .  Calculations 
a. The equations used. The separation of hydrogen and deuterium 
by chemical or by electrical decomposition of water depends upon the 
difference in the reaction rates of the two species . Therefore, the 
separation is a kinetic process and a kinetic separation factor should 
be calculated. Equation 3 defines the kinetic separation factor insofar 
as the mechanism which was assumed in deriving it is valid.  
For the integration of equation 2 to give equation 3 it was not nec­
essary to limit the extent of the reaction. Since the extent of the 
rea�tion in the electrolysis experiments was large enough to signifi-
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cantly affect the concentration in the reacting water� equation 3 was 
used to calculate the kinetic separation factor . 
A very small fraction of the water was decomposed in the chemical 
reaction between iron and water, and the composition of the reacting 
water remained nearly constant. Therefore equation 11, which has the 
same form as equation 1,  was used in calculating the separation factor. 
Equation 1 defines the equilibrium separation factor. However, for a 
very small extent of reaction it is a good approximation for the ex­
pression of the kinetic separation factor . 
b .  Precision. The precision, 1-'Vhich was defined in Table IV, 
was muoh better for the electrolysis of water ·than for the chemical de­
composition of water by the reaction with iron" The analytical tech­
nique was the same for both types of runs . Variations in the nature 
of the plated surface applied to the iron samples may account for the 
poorer precision of the data in Table XI . Similar difficulties have 
been reported elsewhere . 
2 .  Effect of Cathode Material 
The average values of the separation factors in the chemical re­
action of iron with water vary from 4. 8 for a brass cathode to 6 . 1  for 
uncoated steel . The values of the separation factors are not suffi­
ciently precise to show conclusively any variation due to the nature 
of the cathode . From the data in Table XI a composite separation fac­
tor of 5 . 7  may be calculated with a precision of 0 . 2 .  
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3 . Effect of Stirring 
Tapley and Eyringl9 discussed in detail the effect upon the o� 
served separation factor of a concentration gradient in the thin film 
of liquid at the cathode surface . They concluded that the effect should 
be small . The data in Table XII show that efficient stirring can in-
crease the separation factor . In the case of ultrasonic agitation the 
increase may be due to other factors in addition to stirring. It has 
been shown that the nature of a chemical process may be affected by 
ultrasonic energy. 28 , 29 
4 .  Effect o f  Current Density 
The current density was varied from 0 .06 to 4 amperes cm . -2 of 
cathode surface without any noticable effect upon the separation factor. 
5 . Comparison of Electrolysis and Chemical Decomposition Experiments 
These experiments were run at different temperatures and cannot 
be directly compared. In Figure 8 the separation factors obtained in 
this investigation are compared with selected values taken from the 
literature .  Figure 8 also includes the theoretical curve of separation 
factor versus temperature which was calculated by Eyring and Cagle . 15 
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Comparison of Separation Factors Observed in Present Work With Values Reported Elsewhere 
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CHAPTER V 
SUMMARY 
The production of hydrogen by the reaction of iron with various 
salt solutions was studied . A preliminary investigation of the effects 
of temperature , salt type ,  and salt concentration led to the selection 
of 1 M. ferrous chloride as the electrolyte and 98-100° as the operat­
ing temperature .  Under _these conditions it was possible to increase the 
:rate of hydrogen production by plating various me·tals onto portions of 
the iron surface .  These metals served as cathodic surfaces for the 
evolution of hydrogen . The increase in the reaction rate appeared to 
be limited by polarization of the cathode . 
The reaction rate per unit area of the iron samples was approxi­
mately the same for uncoated iron powder and for uncoated bulk iron. 
Therefore, a much larger amount of bulk iron was required in order to 
obtain a given total reaction rate . However, the geometrical arTange­
ments which are po ssible with bulk iron were capable of eliminating the 
quenching effect observed with iron powder . 
The introduction of various cathodic surfaces to increase the re­
action rate did not appear to affect significantly the separation factor . 
Some electrolysis experiments were performed with steel electrodes in 
order to investigate the effects upon the separation factor of various 
methods of stirring the solution. Vigorous agitation of the solution 
with an ultrasonic generator increased the separation factor by approxi­
mately 15 per cent . The separation factors calculated for the reaction 
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between iron and water and for the electrolysis of water are consistent 
with other values reported in the literature . 
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PART III 
GAS CHROMATOGRAPHY WITH HYDROGEN AND DEUTERIUM SAMPLES 
CHAPTER I 
INTRODUCTION 
A .  The Problem 
This problem was undertaken in an attempt to evaluate the appli­
cation of the gas-chromatographic method to the separation of hydrogen 
from deuterium. Because of the current requirements for heavy water 
in the field of nuelear energy3 methods for separating the two isotopes 
are potentially of practical value . In addition9 since the gas-chroma­
tographic method can be applied to gas samples of only a few milliliters, 
a successful separation would provide a use.ful and simple analytical 
tool . 
In attempting the separation of the isotopes»  the elution tech­
nique was employed.  Of the three general chr:-omatographic techniques, 
elution9 displacement, and frontal analysis3 elution is the only one 
which normally may be expected to separate completely the components 
of a sample . 
B .  Background 
1 .  Gas Chromatography 
The first use of the chromatographic technique is frequently 
credited to Tswett . 1' 2 However, there are many publications
3 ,4, 5 which 
show that the method was employed and that is general principles were 
appreciated long before Tswett ' s  first paper on the subject . 
Gas chromatography was proposed initially by Martin and Synge6 
in 194l . Since that date the method has developed rapidly. At 
present a large body of 1i terature on the subject is available . Bibli­
ographies, 7 ,B  reviews�-ll and books, 12-14 have been published in which 
a great amount of information on the applied aspects of gas chroma-
tography and detailed discussions of the present state of chromatographic 
theory can be found. 
There is one major difference between liquid chromatography and 
gas chromatography. The difference is in the nature of the mobile phase . 
In liquid chromatography the mobile phase is an incompressible liquid, 
but in gas chromatography the mobile phase is a compressible gas . With 
this one exception the theory, the manipulative procedures.!! and the sub-
divisions based on variations in technique are similar. 
At the same time that Martin and Synge6 proposed the gas chroma-
tographic method, they suggested that the chromatographic technique might 
be applicable to the separation of isotopes .  However, there have been 
only a few attempts to apply the method to isotope separations . Glueckauf, 
Barker, and Kitt15 reported the enrichment of lithium isotopes by ion-
exchange chromatography and of neon isotopes by adsorption chromatography 
at low temperatures .  Complete separation was _pot accomplished. Spedding� 
Powell, and Svec16 described a method for separating nitrogen ipotopes 
by ion exchange .  Glueckauf and Ki tt1'7 reported the separation of hydro-
gen and deuterium by displacement chromatography at room temperature in 
a column containing palladium black on asbestos . The column was charged 
initially with a mixture of hydrogen and deuterium containing 47 per 
cent of the latter. Hydrogen was used as the displacing agent. Pure 
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deuterium was displaced ahead of the hydrogen and was separated from 
the hydrogen by a diffuse region containing a m:i.xture of the two gases . 
2 .  Hydrogen-Palladium System 
Hydrogen is a diatomic gas; therefore, a mixt;ure of hydrogen and 
deuterium contains three molecular species,  H2 51 HDj and D2 in equilibrium 
with each other., The conversion of liD to H2 and D2 is catalyzed by 
palladium since the met.al dissolves the hyd.!vogen and the deuterium in 
atomic form. As H2 and D2 are separated from ea�h other in a chroma-
tographie column, the HD concentration is continually reduced and may 
eventually reach zero if the H2 and the D2 �an be �ompletely separated. 
A chromatographic column containing pallad.i:um as the fixed phase 
functions as a partition colunL� toward hydrogen and deuterium samples 
since they are soluble in the metal . Typi�al absorption isotherms18 , l9 
are shown in Figures 1 and 2 .  In the region from zero pressure to the 
inflection points of the curves the hydrogen is present in the � -phase . 
The face-centered-cubic lattice of palladium expands from a lattice 
dimension of 3 .883 A to approximately 3 .894 A during the formation of 
the � -phase . At this degree of expansi�n the lattice beaomes unstable 
and expands to a new lattice dimension of approximately 4. 018 A with 
an abrupt increase in the solubility of hydrogen. The expanded con­
dition is referred to as the � -phase . The absorp�ion and the desorp­
tion isotherms are not identical, but e�bit hysteresis dUring the 
transition between the � -phase and the � -phase . In Figures 1 and 2 ,  
the region in which the 6-. -phase and � -phase coexist i s  represented 
by the area under the dotted lines . The critical mixing point, at which 
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the two phases become one, is at approximately 310° and 20 atm. for 
hydrogen-palladium and at approximately 276° and 35 atm. for deuterium­
palladium. 
The hydrogen-palladium system has been more thoroughly studied 
than has a.rry other hydrogen alloy, and additional information is avail­
able on the deuterium-palladium system. The general subject of hydro­
gen in metals has been treated by Smith20 in a monograph which includes 
several chapters on the hydrogen-palladium and the deuterium-palladium 
systems . The data upon which the preceding discussion was based were 
taken from this monograph. 
The form of the absor�tion isotherms, shown in Figures 1 and 2,  
led Glueckauf and Kitt17 to believe that elution peaks would exhibit 
extreme 11tailing11 properties which would make them unsuitable for 
resolution into isolated bands . For this reason� they did not attempt 
any exper�mental work on the separation of the two isotopes by the 
elution technique . 
CHAPTER II 
APP .ARATUS AND MATERJALS 
A .  General 
Figure 3 is a photograph of the apparatus which was used to in­
vestigate the separation of hydrogen and deuterium by gas chromatography. 
Figure 4 is a .f"tmrjtional diagram of the sys·tem. The appara·tus can be 
divided into .four main sections . These a.r•e g 
(1) Equipment for providing a controlled and measured flow of 
carrier gas; 
( 2 )  Equipment for introdu ing a. measured amount of sample gaa 
into the system; 
( 3) The column, the column packing� and the heating unit; 
(4) The detector, the associated electrical circuitry, and 
the recorder. 
B. Carrier Gas System 
l .  Carrier Gas 
The carrier gas must be chemi.ca.lly inert in the system under 
investigation. Since the thermal conductivi·ty of a gas is related to 
its molecular weight, the carrier gas must have a molecular weight 
different from that of the sample if a thermal conductivity device is 
used for the detector . 
A - Recorder 
� - Hydrogen Tank 
C - DeuteriUJU Tank 
D - ColUJnn He ater 
E - High P ressure Manometer 
F - Galvanometer 
G - Argon Tank 
Figure 3 
H - Bridge Current Meter 
J - Katharometer 
J - Soap Film Flow Meter 
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K - Sample Manipulation System 
1 - Input Pressure Gauge 
M - Associated Electrical C ircuit 
N - Sensitivity C ontrols 
Photograph of Gas Chromatography Apparatus 
Diaphragm 
Pressure 
Re�ator 
+-Argon 
Tank 
High­
PresBu.re--7 
Manometer 
Vacuum --+ 
ManolllSter 
Pressure 
Manometer 
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�-Katharometer 
��--ColllDID and Heater 
To 
Vacuum 
Pump 
Figure 4 
Sample By�Pass Cell 
Functional Diagram of Gas Chromatography Apparatus 
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21 Longi tud.inal diffusion of the carrier gas in the column causes 
broadening of the peaks and increases the H .E.T . P .  This effect is re-
duced by using a carrier gas of high molecular weight . With hydrogen 
and deuterium samples the use of a carrier gas having a high molecular 
weight not only reduces diffusion, but also increases the katharometer 
sensitivity .. 
These factors led to the selection of argon as the carrier gas . 
Cylinders of a:r•gon were obtained from The Matheson Company and from 
the Welding Gas Products Company . No difference in operation was ob-
served as a result of changing the source of the argon . 
2 .  Flow Rate Control 
The diaphragm pressure regulator at the argon cylinder provided 
adequate flow rate control .  
J .  Flow Rate Measurement 
A set of capillary orifices, cut from thermometer stems , was 
calibrated for use as an indicating flow-rate metero The calibration 
was performed with the apparatus illustrated in Figure 5.  The leveling 
bulb was raised until the burette was filled with liquid. The burette 
was then filled through the stopcock with argon, and the stopcock was 
closed. The capillary orifice was connected to the burette stopcock 
with a short piece of Tygon tubing . The stopcock was opened, and the 
volume of gas remaining in the burette was recorded at specified times .  
The pressure in the burette at these times was determined from the 
difference in height bet�een the liquid surface in the leveling bulb 
and in the burette . The total change in the gas volume in the burette 
eveling Bulb, 1 liter 
Liquid Level 
�Flexible Tubing 
Liquid� 
Level 
Figure .5 
�apillary Orifice and 
o� Tygon Connection 
'uas Burette , 2.50 ml .  
Apparatus for Calibration o f  Orifice Flow Meters 
10.5 
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was plotted versus time . The flow rate was determined from the slope 
of this curve and was plotted versus the pressure drop across the 
capillary orifice to give the flow�rate calibration curve . 
Concentrated sulfuric acid was used as the liquid in the cali­
bration apparatus . Several calibrations were checked with �-butyl 
phthalate and w.i. th Nujol as the liquid. In this way, it was possible 
to show that the viscosity of the liquid did not cause significant 
errors in the readings .  No vapor pressure corrections were necessary, 
since at room temperature the vapor pressures for all three liquids are 
very low. 
The manometer used for measuring the pressure drop acr?ss the 
capillary orifice ,  when installed in the gas-chromatography apparatus 9 
contained !!-butyl phthalate . For a specified pressure differential 
the manometer reading was approximately 13 times as large as that, which 
would have been obtained with a mercury manometer o Both the capillary 
orifice and the manometer were vented to the atmosphere . 
The capillary orifice calibration process was subject to several 
cum:ulati ve errors o The calibration was valid for only one gas and at 
only one temperature o  Therefore, the orifice flow-rate meter was used 
only as an approximate indicating deviceo 
For more accurate measurements a soap-film me�er22 was usedo 
The soap-film me-t.er is simple and accuratell it requires no calibration, 
its reading is independent of the nature of the gas being measured, and 
it offers essentially n0 back pressure o All calculations in this re­
port were based on readings obtained with this type of  meter and cor­
rected to 0° and a pressure of 760 mmo of mercury. A dilute solution 
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of a commercial liquid detergent was used in the meter, and all readings 
were corrected for the vapor pressure of water. 
The maximum difference in the flow rate indicated by the capillary 
orifice and the soap-film flow-rate meters was approximately 10 per 
cent. 
C .  Sample System 
The sample system was used to prepare hydrogen and deuterium mix­
tures of known eomposi tion and to inject known amounts of the mixtures 
into the colmnn. The functional diagram of the sample system is in­
cluded in Figure 4. 
The volume of the by-pass cell was determined by weighing the 
amount of mercury it would holde The by-pass cell was evacuated and 
filled with a sample of hydrogen, of deuterium� or of a mixture of the 
two gases at a measured pressure . The carrier gas stream was then re­
routed to sweep the sample into the column. It was possible to inject 
the hydrogen or deuterium continuously at known pressures into the 
eolmnn. 
Ordinary commercial tank hydrogen was obtained from the National 
Cylinder Gas Company, and was used without further purification. Deu­
terium,.reported to be 99 . 5  per cent pure, was obtained from the Stuart 
Oxygen Company. Nitrogen, which was sometimes used as an internal 
marker for the hydrogen and deuterium samples, was obtained from the 
National Cylinder Gas Company. 
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D .  Column Assembly 
1 .  Column 
The column was a single piece of copper tubing 43 feet long. It 
had an outside diameter of 5/16 inch and an inside diameter of 7/32 
inch. The column was folded once before it was filled with the packing 
material, which was poured slowly into both sides of the folded column 
and was compacted by vibration. The packed column was folded several 
more times until its overall length was approximately 5 feet, and it 
was then installed in the apparatus . 
2 .  Packing 
The column packing was palladium metal deposited on a granular 
material . After some preliminary experiments a sample of flint quartz, 
supplied by Whittaker, Clark, and Daniels, Inc . ,  was selected as a 
support for the palladium metal . By weight, the quartz grain size dis­
tribution was 24 per cent on 4o mesh, 5o per cent on 60 mesh, and 26 per 
cent through 60 mesh. The quartz was washed several times with hot 20 
per cent nitric acid and rinsed with hot distilled water. The treatment 
cleaned the surface of the grains and removed most of the very fine 
particles .  
A solution of palladium chloride in concentrated hydrochloric 
acid was added to the granular quartz, and the mixture was evaporated 
to dryness on a steam bath. The mixture of quartz and palladium chlo­
ride was poured into the column in the manner described above . The 
short entrance section of the column, which was not enclosed in the 
heater, was packed with uncoated quartz .  
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After the column was installed in the apparatus, it was heated 
to approximately 150° and was swept wi. th hydrogen gas to reduce the 
palladium chloride to the metal . Acid fumes could be detected wi. th 
litmus paper at the exit end of the colUIILl'l until the reduction was 
complete. In addition, the completion of the reduction was detected 
with the katharometer. Hydrogen was used as the reference gas . Prior 
to completion of the reduction hydrogen chloride gas in the sensing 
side of  the katharometer produced a large output signal . When the re= 
duction was complete, both sides of the katharometer contained hydrogen, 
and the output signal was zero except for a residual component caused 
by bridge u...11balance . The completion of the reduction was further ver­
ified by withdrawing a small portion of the column packing and conduct­
ing a qualitative chemical analysis for chloride, but :none was detected. 
The reduction with a hydrogen flow rate of approximately 10 ml. min. -l 
required approximately seventy=two hours. 
The column contained 7 grams of palladium metal . The intersti t.ial 
volume of the uncoated quartz was measured by water displacement and was 
found to be approximately 100 ml. for the 43-ft. column. Since the 
volume of the palladium metal was less than 1 ml . ,  no correction was 
made for it. 
3 . Column Heater 
Two pieces of Pyrex tubing, 3 inches in diameter, were joined to 
give a section 6 feet in length. The tube was mounted in a vertical 
position. 
llO 
Two heating elements of Nichrome ribbon were wound onto the tube . 
Each element extended the full length of the tube o The ribbon had a 
resistance of l o04 ohms per footD and each element had a total resistance 
of 27 ohms . The heating elements were operated independently of each 
other by two Powerstats (autotransformers) . The combined � power 
dissipation was approximately 1 kilowatto 
The tube .furnace was insulated with prefabricated lagging set;tions9 
which were 1-ineh thick . The ends of the tube were closed with Pyrex 
wool . 
The ma.ximum operating temperature of the tube furnace was approx­
imately 300° . No regulating device was necessary. Intermittent manual 
adjustment of the Powerstats provided temperature regulation of approx­
imately 1° . 
E.  Detection System 
1 .  Requirements 
Detector requirements for gas chromatography and the character­
istics of a variety of detectors have been discussed in detail in two 
recent publications • 1.3 j 14 Detectors may be classified as differential 
or as integral instruments . The differential type of instrument pro­
vides a signal which is a function of the sample concentration in the 
detector at a specified time. The katharometer23 (' thermal conductivity 
cell) is a differential detector.  The integral type of instrument 
provides a signal which is a function of the total amount of  sample 
which has passed through the detector. An automatic titration device24 
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i s  an integral detector . 
A satisfactory detector for gas chromatography should exhibit as 
many of the following characteristics as po ssible � 
(1)  Sensitivity to small amGu..nts of sample; 
( 2 )  Insensitivity to variations in gas-flow rate; 
( 3) Rapid response; 
(4) Small inter.n.aJ. volume!' whi.ch is related to the ability to 
resolve two closely spaced peaks9 
(5) Stability and reproducibility, 
(6) Simplicity� 
(7 )  Adaptability to automatic recording . 
In additionJ) s ince the various mole�ular spe@ies in the sample are sep­
arated from each other in the gas crwomatography column� the detector 
should provide a signal which is independent o f  the chemical propertie s  
of the sample and whi.ii;h depends only on the amount. o f  sample present. 
2 .  Katharometer 
The kat. harometer was chosen for thi s work e · All of the character-
istics listed above are exhibited by the katharometer to some extent� 
and it i s  one of the simplest of the available detectors . The design 
theory for hot-wire katharometers has been thoroughly discussed. 13� l4 
A ther.oiistor i s  a more sensitive detec·tion element for a kath-
arometer than is a hot-wire element, s ince a thermistor has a larger 
temperature coefficient of resistance . Figure 6 illustrates the dif� 
ference in the temperature coefficients for a typical thermistor and 
for a platinum wire . 
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1o8
r---------------------
--------------------------, 
A = Thermistor mixture of manganese 
and nickel oxides 
B = Thermistor mixture of manganese, 
nickel, and eobal t oxides 
C = Platinum 
c 
lo=6 ....._ ____ ......._ ____ _...J. __ ------+---- -J_ _____ __, -100 0 100 200 300 
Temperature, Degrees Centigrade 
Figure 6 
Resistance-Temperature Characteristics for Plstinum 
and For Two Types of' Thermistor Material2.!:> 
4oo 
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In many gas-chromatographic applications it is necessary to 
operate the entire katharometer at an ambient temperature of 150° or 
higher in order to avoid condensation in the katharometer of sarr�les 
having high b0iling points . Since thermistors generally have short 
life and poor stability, 25 when operated at high ambient temperatures, 
,. 
they have not been_ used as frequently in gas chromatography 'WOr'k as 
have the hot=wire elements . Howevez,!l t.here was no possibili·ty of con= 
densation of a:ny materials used in this work, and it was pos:gible to 
use thermistors in constructing the katharometer. A matched pair of 
mounted thermistors was obtained from the Vi�to:ry Engineering Corporation. 
The characterist;i� per.f'orn.a:nce cm"Ves of the t,her.m:i.stors a:t"e shown in 
Figure 7 .  The thermistors were heated by a constant direct current of 
0 .015 ampere obtained from a 32-volt battery. At this current the 
theZ"'lli.stors operated with a negative temperature coefficient of :r·esist.-
ance in the region to the tight of the various :maxima. in Figure 7 .  The 
ambient temperature of the katharometer was approximately 30° for all 
of this work. 
A cross-sectional view of the synrrnetrical , double-cell katharometer 
is shown in Figure 8 .  'I'he scale o f  the drawing i s  approximately 2/3 of 
f'ull size . The katharomet,er block was machined from solid brass . The 
thermistors were held in place with Sauereisen cement . The volume of 
each thermistor cavity was about 0.6 ml. Several turns of copper tub.-
ing were soldered to the surface of the cylindrical block. An adjust-
able stream of tap water flowing through the copper tubing kept the 
katharometer ambient temperature a·t about 30° . No additional temper-
atu.re regulation was requi.red. 
(!) b.O Cll +=> 
rl 0 
p. 
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Current in Milliamperes 
Thermistor suspended in still air by its own leads . Ambient 
temperature; A =  0°, B = 25°,  G = 60° . 
Figure 7 
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The gas-flow path in the kat harometer was a co mpromise between 
the require ments for rapid response and for insensitivity to variat ions 
in gas flow rate . '.r he mo st rapid res ponse and the greatest se nsit ivity 
to flow-rate .fluctuat ions would be obtained by pla© ing the thermistor 
directl y in t he gas stream. In this instru me nt the t herm istors were 
placed sl ig htl y to t he s ide of t he gas stream so that t he sample reac hed 
the t hermistor partly b y  diffusion and partly by tu:rbul.ent flow. I nsen­
s it ivity to such ±'low;.... rate flucr�ua.tions as we re present was exhibited 
by t he s moothness of' the base l ine on ·the re:::wrder . 
A small amount of the argon-ca...l"Tier gas flowed through a needle 
valve and a length o f  t her.mometer-capilla� ·tub ing into t he reference 
side of the katharo meter, whic h  wa.s vented d:.'L:ceetly to t he at mosphere . 
T he sensing side was ve:nt.ed. to t he at mo s phe:x.•e ·t'.l:l.r' .. mgh ·t he fl ow-rate 
meter . 
3 .  Measurin_g and Rec ording Circuit 
T he c omplete circuit fo r the detection s ystem i s  shown in Figure 
9 . T he Wheatstone "bridge c ons isted o f  t he two matc hed thermistors and 
t1� 1500-ohm precis ion res istors, wh ic h  had low temperatu re coe ff icients 
of res istance . Eac h t hermistor had a r'esistance of approximately 75 
oh ms when su.spended by its own leads in still air at an a mbie nt te mper­
ature of 25° and when carry-ing a direct eUXTe nt of 0.015 ampere o 
Since t he value of the fi xed re sist an�e in eac h arm was much 
larger t.ha.n the resistance of the thermistor., the current t hroug h eac h  
ann o f  the bridge wa s  ne arl y constant� irrespect ive o f  variatio ns in 
thermistor res ista:rme .  There fore, the v oltage signal fro m the br idge 
t-1 
R-4 
t-2 
32 D . C .Volts 
t·-lJ 2 �  A -'33 Matched thermis tors 
(Victory Engineering Corp . ) 
R-1, 2 :  1500 ohms 
R-3 :  125 ohms , wire -wound 
R-4 : 10 ohms 
R-5 : 75 ohms , w:ire -wound 
R-6 � 5 ohms 
R-7: 25, 000 ohms 
R-8 z 50 , 000 ohms 
R-9 z 4 '700 ohms 
R-lO g 1500 ohms 
R-ll g 100 ohms 
R-12: 
R-13 : 
R-14 � 
R-15� 
S -1::  
S -2:  
S -J g  
S -4 g  
S-5g 
M-1 : 
M-2 �  
Figure 9 
47 ohms 
10 ohms 
5 ohms 
7500 ohms 
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To Brown 
Potentiometer 
Recorder 
Galvanometer shorting switch 
C oarse sens itivity sele ctor 
switch 
Bridge current ON-OFF switch 
Fine sens itivity selector 
switch 
Polarity reversing switch 
Lamp-and -scale galvanometer 
Bridge c urr ent milliammeter 
Complete Circuit for Detection System 
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was almo st a linear function of the resist�nce change in the sensing 
thermistor .  
The sensitivity of the recording system could be varied without 
changing the load acro ss the bridge . A Brown potentiometer recorder, 
obtained from the Minneapolis-Honeywell Comp�y9 was used to record the 
output signal from the katharometer bridge circuit. The recorder had 
a full-scale sensiti�ty of 5 m.v . D a full-scale pen speed of 4.5  
seconds, and a chart speed o f  6 inahes per hour . 
CHAPTER III 
THE DISTRIBUTION ISOTHERM AND COLUMN DESORPTION EXPERIMENTS 
A.  Distribution Isotherms 
The distribution coefficient, k, is defined by equation 1 .  
k _ concentration of solute in the fixed phase (l) - concentration of solute in the mobile phase 
For a linear distribution isotherm k is a constant equal to the slope 
of the isotherm. Ideal elution chromatography based on linear isotherms 
produces symmetrical peaks . The requirements for ideal chromatography 
are : 
(1)  the rate of solute transfer between the fixed and the mobile 
phases is infinitely h;i.gh; 
( 2 )  the exchange between the two phases is thermodynamically re-
versible; 
(3)  longitudinal diffusion is infinitely slow. 
These conditions are simultaneously obtainable neither in theory nor in 
practice . For example , requirements (1) and ( 2 )  as well as (1) and (3 )  
are mutually contradictory. However, for the mathematical analysis of 
chromatographic systems these conditions are often arbitrarily assumed 
to exist. 
If the distribution coefficient is not a constant, the isotherms 
may be concave toward either axis. Ideal elution chromatography U.Tlder 
these conditions produces an asymmetrical peak. The three types 0f dis-
tribution isotherms and the corresponding typical elution peaks are shovm 
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in Figure 10 . The theory and the mathematical analysis of these peaks 
has been thoroughly discussed in the literature of gas chromatography. 6' 
1.5, 26-36 
A linear distribution isotherm is usually more desirable than 
either type of non-linear isotherm for elution chromatography, since the 
mathematical analysis is simpler and better separations generally can 
be obtained. The linear type of isotherm is most frequently encountered 
in partition chromatography where the solute dissolves in the fixed 
phase . The non-linear type of isotherm is frequently encountered When 
the solute is adsorbed at the surface of the fixed phase .  
Typical distribution isotherms for the hydrogen-palladium and the 
deuterium-palladium systems are shown in Figures 1 and 2 .  In these two 
figures the coordinates are reversed relative to the form in which dis-
tribution isotherms are normally shown. It can be seen that the se iso-
ther.ms exhibit the characteristics of both types of non-linear isotherm. 
The data points for these isotherms were obtained by allowing the gas-
metal system to come to equilibrium, which is normally a very slow 
process . Gillespie and Hall37 were able to accelerate the attainment 
of equilibri-um by the use of a 360° heat treatment prior to each measure­
manto Nace and Aston38 used an extremely finely divided palladium black, 
but still found that at room temperature two to six hours were required 
to reach pressure equilibrium after the addition of an increment of hy-
drogen to the systemo At higher temperatures equilibrium is reached 
more quickly. 
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ID an ideal chromatographic column the equivalent of hundreds of 
equilibrations may oceur in less than one hour. It is evident, there­
fore, that the evolution isotherms shown in Figures 1 and 2 may be quite 
different from the effective di stribution isotherms which are applicable 
to a chromatographic column containing palladium as the fixed phase .  
For this reason, the following experiments were performed in an e ffort 
to obtain information regarding the nature of the distribution isotherms 
which would be applicable to an operating column. It was especially 
important to · determine whether the column operated as an adsorption 
column o r  as a partition column with the hydrogen gas actually dissolved 
in the palladium metal . 
B .  Experimental Procedure 
Hydrogen was injected continuously at a constant pressure into 
the column. Argon was used as the reference gas . After a time the thermal­
conductivity-bridge :recorder indicated the break through of hydrogen. At 
this point the mobile phase in ,the c olumn was hydro gen. The co lumn was 
then swept with the argon carrier until the recorder trace showed that 
the gas leaVing the column was essentially pure argon . The curve traced 
by the thermal-conductivity-bridge recorder during this type of experi-
ment is referred to as the c olumn-desorption curve . Similar experiments 
were performed with deuteri um .  
The hydro gen and th e  deuterium samples were injected at a constant 
input pres sure of 10 psig . The flow rate during the desorption portion 
of the run was fixed by the argon input pressure . 
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C .  Experimental Results 
A typical set of column desorption curves for hydrogen and for 
deuterium are shown in Figures 11, 12, and 13 . These curves were ob-
tained with the coarse sensitivity control of the recorder at the 
2.5,000 ohm tap and w.ith the fine sensitivity control at position 3 ( see 
Figure 9 ) . A number of runs were made at a higher sensitivity in order 
to examine the base of the step at the right side of the curve s .  Tail= 
ing was found to occur at the base of this step . 
There are two distinct portions of these curves which are sepa-
rated by the breaks at points X .  On either side of X the tailing is 
characteristic of a distribution isotherm which is concave toward the 
axis of the mobile phase .  The equilibrium di stribution isotherms for · 
the hydrogen-palladium and for the deuterium-palladium systems have t'WO 
regions of concavity toward the pressure axis o It� therefore, appears 
possible that the steps which are present in the column desorption curves 
may correspond to the transition between the 0. -phase and the � -phase . 
The upper portion of the curves would correspond to desorption from the 
�-phase ,  and the lower portion would correspond to desorption from the 
� -phase .  
I.f the above interpretation i s  correct, it follows that in the 
column the rate of diffusion of hydrogen and deuterium within the met.t'al , 
is sufficiently rapid for the a and the � -phase solutions to fom� . 
Hence the metal acts as a solvent for the gas, arui . the column may be 
considered as a partition column. If the rate of diffusion w.i thin the 
palladium metal were too slow for H-Pd and D-Pd solutions to form the · 
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Column Desorption Curves for Hydrogen at 175-180° and at 24$0 
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desorption curves shou ld not show the b reaks at points X. The rapidity 
of the s olution process is prob ably a result of the very finely divided 
state of the p alladium metal in the column.  If the metal were assumed 
to have forrood a smooth co ating of unifor m thickness on trn qu artz 
p artic les, it can be shown th at this coating would be only appr oximately 
20 molecules thick. It appe�rs more prob able that the reduc tion process 
at a tempe ra ture of only 150° may have forroo d a very finely divided 
powder whic h  wou ld also have a large surface develop men t .  
CHAPTER IV 
SEPARATION OF THE HYDROGEN ISOTOPES BY DISPLACEMENT 
AND BY FRONTAL ANALYSIS TECHNIQUES 
A .  Purpose 
Glueckauf and Kitt17 reported the separation of hydrogen and 
deuterium by displacement chromatography in a column containing 
palladium supported on asbestos as the fixed phase . In addition, 
they performed some experiments using the break-through technique, 
which is analogous to classical chromatographic frontal analysis .  
For the work discussed in this report, some separations were performed 
by both methods in order to check the results of Glueckauf and Kitt and 
to obtain additional information on the characteristics of the column 
used. 
B .  Experimental Procedures 
In displacement chromatography the sample is  first carried onto 
the column in a stream of the carrier or is injected in an undiluted 
form� It is then displaced along the column by a component which is 
held more strongly by the fixed phase .  The displacer may also be 
carried onto the column in a stream of the carrier or injected in an 
undiluted form. Figure 14 illustrates the relationship between the 
distribution isotherms and the gas concentration for the case where 
the displacer, D, is carried onto the column at a constant eoncentra-
B 
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Relationship Between Distribution Isotherms 
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tion, Cd. In this figure the effect of the pressure gradient along the 
column is neglected. Component B is displaced at a gas-phase concen­
tration Cb by the displacer D .  The control line does not cut the iso­
therm for component A, and A is moved along by an elution process. The 
theory of displacement chromatography has been discussed in detail by 
Tiselius .39 
For the displacement experiments discussed in this report the 
sample by-pass cell was filled with a lgl mix:ture of  hydrogen and 
deuterium at a total pressure of 10 psig. The sample size was determined 
by the volume of the by-pass cell o The sample was swept through the 
column by a stream of hydrogen Which was also used as the reference gas . 
Therefore, the recorder deflection was a fQ�ction of the deuterium con­
centration in the gas emerging from the column. 
Prior to each run the column was swept with argon until essen­
tially no hydrogen remained in the column. 
For the break-through experiments hydrogen and deuterium were fed 
simultaneously to the column until the feed composition appeared in the 
effluent . The feed composition, an approximately equimolar mixture of 
hydrogen and deuterium, was determined by the relative flow rates of the 
two gas streams through calibrated capillary orifices . The orifices, 
after installation.? were calibrated by comparison with the soap-film 
flow-rate meter . 
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C o  Results 
Figure 15 illustrates the results of a typical displacement 
run with a constant sample size and gas flow rate at several different 
temperatures .  The recorder reading for 100 per cent deuterium concen­
tration was determined by passing hydrogen through the reference side 
of the cell and deuterium through the sensing side of the cell . 
The sample size could be varied with no effect other than a 
corresponding variation in the width of the deuterium peak. 
The recorder trace for a typical break-through experiment is 
shown in Figure 16 . Curves were obtained at temperatures of 60°-65° 
and l00°-l05° o 
The data shown in Figures 15 and 16 are in agreement with the 
1'7 results reported by Glueckauf and Kitt . 
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CHAPTER V 
THE RETENTION VOLUME 
A .  Theoretical 
Qualitative identification of a compound in a particular chroma-
tographic system is often accomplished by measurement of  the Rf factorj 
which is defined by equation 2 .  
rate of movement of the solute Rf = -----------------------------------rate of movement of the carrier liquid ( 2 ) 
The residence time of  a solute molecule in a chromatographic column is 
1/Rf times the residence time of the average carrier molecule, where 
the carrier is the major component of the mobile phase .  The retention 
volume may then be defined by equation 3 . 
VR = __§!:!_ = tF (3)  Rf 
where a = the cross-sectional area of the mobile phase in the columnJ 
1 = the length of the column; 
t = the retention time, whieh is the time required for the center 
of the solute zone to emerge from the column$ measured from 
the time the sample was injected; 
F = the volume rate of flow of the ca.rrier9 measured at the exit 
of the column. 
Equation 3 is applicable to a system in which the mobile phase 
is incompressible, in which case the value of F measured at the exit 
of the column is the same as the volume rate of flow at any point in 
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the column. For a compressible carrier, as with gas chromatography, 
the flow rate is no longer constant throughout the column, and a 
correction factor must be evaluated. Various aspects of the correc-
tion have been discussed in the literature of gas chromatography. The 
following elements of the derivation are based on material from Little­
wood, Phillips, and Price, 4° James and Martin,41 and Keulemans .42 
Let 
and 
t =r dx c --
0 v 
t = s 
)l 
0 
(4) 
' 
( 5) 
where tc and ts = the retention times of a carrier and of a solute mole-
cule; 
x = a distance measured along the axis of the column; 
1 = the length of the column; 
v = the linear velocity of the gas at point x .  
In  addition, 
av = F � = 
Px 
(6)  
where Px and P0 are the gas pressures at point x and at the exit of the 
column, and .K is a column constant, the permeability, which is a function 
of the viscosity of the mobile phase and the nature of the column pack-
ing. 
Equation 5 may then be rewritten as 
RfFP0 
or 
which upon integration gives 
Ka(P3 - Pd ) 
3 Rf F2 P� 
where P is the inlet pressure . 
Since VR = tF, 
Equation 6 may be rearranged to give 
Fdx = K Px dPx . Po 
dx ,  
·' 
( 7 )  
( 8 )  
(9 )  
( 10) 
(11) 
Equation 11 may be integrated over the length of the column and then 
rearranged to give 
F 
KPo 
2 1 
Equations 10 and 12 may be combined to give 
(12 ) 
(13) 
If P = P0 , there will be no compression along the colUDLn and the situa-
tion will be analogous to that for chromatography with an incompressible 
mobile phase .  For this limiting case 
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where VR = tF and F is measured at the column exit . If F is  measured 
at a temperature different from that at which the col.um..n is operated, 
VR may be further corrected to the column temperature . 
Littlewood9 Phillips,  and Price4° introduced an additional correc-
tion . They determined the retention t.:ime;. t.:i .? for a gas wl'D. �h was not 
retarded by the colu:rrm packing . Then 
vo = l (t� - t· )F  (P p )  � l . r 2 � R 2 "' 1 (P/P0 ) 3 - 1 ' (1.5) 
and V�, for the ideal case, is dependent onl.y upon the nature and the 
amount of the column packing and upon the nature of the solute . 
B .  Procedure 
The retention volumes of' hydrogen and of deuterium were investi-
gated with the 43-f't . column whieh was described in Chapter II of this 
section. The column contained 7 grams of palladium metal supported on 
granular flint quartz . Argon was the carrier gas . Column temperature, 
gas -flow rate, and sample size were varied during the experiments . The 
volume of the sample-by-pass cell was 1.32 ml . and the sample size was 
VaFled by controlling the sample pressure at which the by-pass cell was 
filled. 
The exit pressure was assumed to be equal to the barometric 
pressure in the laboratory, since the pressure drop through the soap-
film flow-Tate meter was found to be negligible .  The input pressure, 
. !1.38 . 
which had a maximum value of approximately 3 atmospheres ,  was measured 
with a mercury manometer . The ground-glass stopcocks, which were held 
down by ball-joint clamps, began to leak at a pressure of approximately 
5o psig . 
Most of the samples contained nitrogen at a partial pressure of 
approximately 3 em. of mercury. The nitrogen provided a marker so that 
the retention volume could be fully corrected by the method of Little­
wood, Phillips ,  and Price . 4o A typical recorder trace is reproduced 
in Figure 17 . The corrected retention time was measured from the center 
of the nitrogen peak to the leading edge of the hydrogen or the deuterium 
peak . 
The flow rate was corrected to 0° and 760 mm .  of mercury, after 
correcting for the vapor pressure of water in the flow meter . The vapor 
pressure was checked gravimetrically by c ollecting the vapor in a dry-
ing tube filled with magnesium perchlorate . The observed vapor pressure 
was 95 per oent of that of pure water at the same temperature . Small 
errors in the measurement of the temperature and the rate of mov�ent 
of the soap film could account for a 5 per cent error in the gravi-
metric determination of the vapor pressure . Therefore it was assumed 
that the liquid detergent caused no significant lowering of the vapor 
pressure of the water in the meter . 
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C .  Results 
Figure 18 illustrates the effect of temperature and of flow 
rate upon the corrected retention volume . For correction to the column 
temperature the values of V� must be multiplied by T/2 73,  where T is 
the column temperature indicated in the figure . A sample of 1 . 32 ml .  
at a pressure of 8 0  em. o f  mercury was used. 
The retention volume for a given set of conditions is dependent 
upon the previous history of the column . The numbered data points , in 
Figure 19 , for the retention volume of deuterium at 75-80° indicate the 
sequence of the experiments which followed a serie s of experiments with 
hydrogen . The elapsed time for each experiment was approximately forty­
five minutes . In order to obtain reasonably reproducible value s of the 
retention volume it was necessary to 11 oondi tion" the column by sweep­
ing several hydrogen or deuterium samples through it and to maintain a 
fixec;i time interval between runs . 
Figure 2 0 illustrates the effect of sample si ze upon the reten­
tion volume . The sample size was 1 . 32 ml .  at the pressures and tempera­
tures indicated in the fi gure . These values could not b e  fully corrected 
since the data were obtained early in the investigati on before the in­
put-pressure manometer was installed and before arrangements were made 
for introducing nitrogen markers .  Thus the retention volumes given in 
Figure 20 are simply the product of the retention time, measured from 
the start of the runs to the leading edge of the elution peaks , and the 
corrected flow rate . 
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CHAPTER VI 
SEPARATION OF HYDROGEN ISOTOPES BY ELUTION CHROMATOGRAPHY 
A.  Column Efficiency 
L _The Separation Factor 
The distribution coefficient, ky was defined by equation 1 .  
k = concentration of solute in the fixed phase concentration of solute in the mobile phase 
The separation factor, d ,  for two components of a sample is defined by 
equation 16, 
(1) 
(16) 
vmere k1 and k2 are the distribution coefficients for components 1 and 
2 .  Equation 16 defines an equilibrium separation factor analogous to 
that defined in Parts I and II of this report . The previously discussed 
conditions which are assumed to exist in ideal chromatography also 
imply the establishment of an e(!}lilibrium distribution of . sample compo� 
nents between the fixed and the mobile phases . An additional condition 
for ideal chromatography may be introduced at this point. It is that 
the value of the distribution coefficient must be unaffected by the 
presence of other sample components . In an ideal elution chromato­
graphic processJ two components will be separated if the value of � 
is different from unity, and if the column contains a sufficient number 
of theoretical plates .  
The separation o f  hydrogen and deuterium by frontal analysis and 
by displacement techniques, which was reported by Glueckauf �Dd Kitt17 
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and confirmed in the present work, is conclusive evidence that � is 
different from unity in a column containing palladium as the fixed 
phase . 
2 .  Theoretical Plate Concept 
The performance of a chromatographic column in an elution process 
is somewhat analogous to the perfoman�Je of the Cra:ig43,44 countercurrent 
distribution apparatus .  The Craig apparatus operates with interrni ttent 
flow, and equilibri.um is essentially complete in each stage before solute 
is transfe1Ted to the next stage . Let the ordinal rnnnbers of the stages 
begin with zero . The distribution curve showing the amount of sample 
in each stage af·f:.er n transfers may be obtained by plotting the terms 
of the expansion of 
[ 1 !  + E Er (17 ) E 1 + 
where E -· k(VL/Vu) '  
VL ·- the volume of liq1..rid in the lower phase of each stage of t.he 
apparatus , 
Vu - the volume of liquid in the upper phase of each stage of the 
apparatus 9  
1/(1 + E)  = the normalized probability of finding a molecule in  the 
upper phase ,  which is  transferred after each equilibra-
tion, and 
E/(1  + E) � the normalized probability of finding a molecule in the 
lower phase, which remains in the flask after each 
equilibration. 
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If k i s  constant and i s  independent of the presence o f  o ther sample 
components , the di stribution will approach a Gaussian one for large 
values of n (i .  e . ,  n ) 100) . 
In an analogous manner, we can consider "the chromato graphic 
column to c onsi st of a series of theoretical plates ,  such that in each 
plate equilibrium i s  established between the mobile and the fixed phase . 
The distribution CUT"Ve showing the amount of sample in each plate , after 
n. volumes o f  carrier gas , each equal to the volume of carrier gas in 
one plate s have entered the column. then may be calculated from the terms 
of the expansion of equation 17 by letting E = k(Af/Am) . Af and Am 
are the c:coss-sectional areas of the fixed and the mobile phases in the 
columx1, exclusive of the cro s s -sectional area o f  the inert supporting 
material .  
'I'he sample concentration detected at the e:x:i.t o f  an ideal elution 
column is that pres ent in the mobile phase of the last theoretical plate 
after equilibrati on. The probability, P�3 of a molecule being i.n the 
last, plate of a column c ontaining r plates �  after n volumes of carrier 
gas as defined above have entered the column, i s  
(18 )  
where 
p "' 1/(1 + E) . ( 19 ) 
Equation 18 define s the general. term of a binomial expansion. 
The di stribution of probabilities about the maximwm will approach a 
Gaussian one when n, r, and n - r are large , as i s  generally true in gas 
chromatography. 
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Martin and Synge6 and James and Martin24 have discussed the mathe­
matical treatment of the distribution in detail . It should be noted 
that the treatment is  further complicated by the compressibility of the 
mobile phase in gas chromatography, and also by the fact that k is gen-
erally not a constant. 
In systems operating with linear distribution isotherms , the 
treatment provides a useful method for calculating a value for the number 
of theoretical plates in · a column, which in turn pr.ovides a measure of 
the separating efficiency of the column. At a constant flow rate n i s  
directly proportional to the time o It can be shown that the distribu­
tion curve of P�Jj plotted as a function of time!) has two points of in­
flection at ·values of t corTesponding to 
( 20) 
where tm is  the retention time to the peak maximum and t0 is  the reten� 
tion time for a molecule of the carrier gas . Between these two points 
lies 68 . 3 per cent of the area under the curve . 45 This fraction of the 
sample will emerge from the column in a period of time , rJ, defined by 
equation 2L 
( 21) 
It follows that the number of theoretical plates may be calculated from 
( 2 2 )  
since 
( 23) 
and 
( 24) 
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It may be difficult in practice to locate accurately the inflec-
tion points j especially since the actual peaks only approximate the 
theoretical curves 9  and a further simplification has been recommended . 46 
Tangents are drawn to the peak at the approximate points of inflection. 
The length of the base line .� yJI cut by these two tangents is then 
measu:r-ed. 'I'he length of the base line � xJI corresponding to the uncor� 
rected retention time9 i s  measured. Then 
r = 16(x/y) 2 .  ( 25) 
The i.nte:t'l11.i ttent flow theory has been shown to le ad to a binomial 
type distribution. Glueckaur26 and Klinkenberg and Sj er.itzer47 have 
shown that the di.stribut.ion curve for a conti.nuous flow theory is of the 
Poisson type . After the peak maximum has passed through a large number 
of plates the Poisson distribution may be approximated by a Gaussian 
type of cm·v-e . However.9 the peak widths predicted by the binomial and 
by the Poisson distribution for an equal number of plates are not the 
same .  
Several useful c onclusions may be drawn from the above consider-
ations . For a column of a given physical length, the sharpness of the 
elution peaks may be increased by increasing the number of plates in 
the column. In addition, the number of plates required to accomplish 
a chromatograprdc separation is larger than the number required for a 
distillation separation. Because of reflux in a di stillation process , 
all the plates participate simultaneously in the separ�tion. In a 
chromatographic column only a fraction of the plates are in use at arry 
specified time . 
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3o Miscellaneous Variables 
a .  S�ple injection technique . The theoretical treatment of the 
chromatographic eluti on process included the assumption that the entire 
sample was injected into the first plate of the c olumn . In practice 
this i s  generally not pos sible and the elution peak consists of a number 
of overlapping peaks of the type di scussed above. It is advantageous, 
how-ever , to inj ect the sample as compactly as po ssible . 
b.  Equipment design. A number of design variable s ,  such as the 
internal volume of the detector, also affect the observable separation. 
These factors have been discussed elsewhere in thi s report . 
B .  Peak Shapes 
The peaks obtained in el't}.tion chromatography with hydrogen a.TJ.d 
deuterium samples in a column c ontainiri.g palladium as the fixed phase 
axe usually of the type characteristic of an isotherm which is concave 
toward the pressure axis .  A series of preliminary experiments indicated 
that the effect of variables such as t emperature and flow rate was 
qualitatively the same for both hydro gen and deuterium . Therefore , as 
an economy measure, hydrogen was used for mos t  of the experiments in 
which the effect of various parameters upon the peak shape was inves­
tigated . 
Figure 21 illustrates the effect of temperature upon the peak 
shape for a sample size of l o32 ml .  at 155 em . of mercury. It can be 
seen that although the peak become s sharper as the temperature is in­
creased, the retention time decrease s .  The decrease in the retention 
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Effect of Temperature Upon Peak Shapes in the Elution Chromatography 
of Hydrogen Samples 
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time can be predicted from the fact that the occlusion of hydrogen in 
palladium i s  an exothermic process . Therefore , the hydrogen is less 
soluble in the metal at elevated temperatures .  These two effects tend 
to cancel each other wi th respect to improvement of the s eparating 
efficiency of the column. Since the distribution isotherms for this 
system are not linear, equation 22 is not applicable to the calculation 
of the number of theoretical plates in the column . However , a large 
value of tmJj is desirable .  Figure 22 i s  a plot o f  tm/7 versus tem­
perature for a sample si ze of 1 . .32 rnl. at 155 crno of mercury. The peak 
width at the half-height was arbitrarily taken as the value of r 0 
When the uncorrected value o f  tm, which was measured from the time o f  
injection o f  the sample !l was used i n  calculating the ratio 9 i t  appeared 
that a more .favorable value of the ratio could be obtained at high 
temperatures .  When the corrected value o f  tm:� which was measured. from 
the nitrogen marker9 was used the ratio tmJt( was more near·ly constant. 
The variations shown in Figure 22 cannot be attributed to temper-
ature alone, since it i s  impo ssible to keep both the gas-flow rate and 
the pressure gradient al ong the column simultaneously constant as the 
temperature i s  varied.  Both the flow rate and the pressure gradient 
affect the ratio tm/r as shown in Figure 23 . The maximum in the cu�res 
in Figure 23 i s  als o  shown by the curves for data obtaine d  at 75-80° 
. 0 a..11d at 245-250 • 
Several runs were made with hydrogen samples which had a volume 
of 4 . 3'7 rnl .  and a pressure of 85 em. of mercury . Thi s was approximately 
twice the amount of hydrogen used in the runs previously dis cus sed. At 
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a temperature of 175=180° an uncorrec ted value of 12 . 2  :t 0 . 2  and a 
corrected value of 2 .15 ± 0.05 were found for the ratio trnJ� . It 
can be seen, by reference to Figure 22 ,  that the ratio was markedly 
increased by increasing the si ze of the sample .  This is the reverse 
of the condition generally observed in chromato graphy and is apparently 
related to the effect of the a. , � -phase transition upon the shape o f  
the elution peaks . With the larger sample $ ·the po sition of the ma.ximum . .'l 
for the type curve shown in Figure 23, was shif·ted from a flow rate of 
approximately 15 ml . min . _,l to approximately 45 rnl .  min. -l 
The calculation of the number of theore tical plates in a colu:nm 
requires the use of the uncorrected yalue of 'tm· Thus , it appears 
from the data shown in Figure 22 that be·tter separation should be ob­
tained at higher temperature s .  The eonelu:sion is misleading, sinc e  the 
separation factor defined by e quation 16 approaches unity as the temper­
ature is increased. Peak sharpne ss i s  not a sufficient criterion o f  
separation efficiency� sinc e sharp peaks may b e  obtained under condi­
tions such that the value of the s eparation factor i s  very smalL 
C .  Separation of Deuterium From Hydro gen by Elution Chromato graphy 
A num.ber of runs were performed with s amples c ontaining approxi­
mately 5o volume per cent each of hydrogen and of deuterium . Figure 24 
illustrates the type of curve obtained for the maximum separation o f  
hydrogen and deuterium with the apparatus described i n  this report . 
The conditions . under which this run were performed were as follows & 
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155 
Column length: 
Palladium content : 
Sample size : 
Temperature : 
Input pressure : 
Gas flow rate : 
43 ft. 
7 gm . 
4.37 ml .  at 100 em .  of mercury 
175-180° 
5o psig 
6o ml .  min. -l 
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The dotted lines in the figure indicate the average location of 
H2 and D2 peaks for pure samples run under the same conditions . It can 
be seen that the distribution isotherms for hydrogen and for deuterium 
are not independent of each other, and that the separation is not as 
large as would be expected from the properties of the peaks for the 
pure samples .  Additional evidence for this conclusion was presented 
in the chapter on the retention volume . 
The temperature could be varied between approximately 150° and 
190° before the peaks merged. At lower temperatures the peaks were too 
broad to distinguish any resolution which might have occurred. At higher 
temperatures the peaks were sharp, but no resolution ms distinguishable, 
probably because , as has already been noted, the separation factor de­
creases with increasing temperature . 
CHAPTER VII 
DISCUSSION 
A. Apparatus 
l .  Thermal Cond.ucti vi ty of Gases 
a o  General considerations . A consideration of the mechanism of 
energy transfer in a monatomic or a diatomic gas such as those used in 
the current work, leads to the following relationship for thermal con-
. . 48 ductl'VJ.. ty, 
;\= E Y(_ Cv 
where A= the thermal conducti-vity in cal. em. -l sec . -l deg.  -1, 
9 (Cp/Cy) - 5 
4 
, and 1 <. E � 2 • 5.11 
II =  coefficient of viscosity i.n dyne sec . emu -2 , 
\. 
(26)  
Cp and Cv = the specific heats at constant pressure and at constant 
volume . 
Since the viscosity of a gas is independent of pressure, as long 
as the pressure is higher than the raJJ.ge in which molecular now occurs 
and lower than the range where non-ideality becomes significant, it 
follows that the thermal conductivity of a gas is independent of pressure 
under the same circumstances . The thermal conductivities of hydrogen, 
of argon, and of nitrogen decrease by only 10 per cent as the gas 
pressure is decreased from 80 em. to approximately 10 em. of mercury. 
Below a pressure of approximately 10 em. of mercury the thermal conduc-
tivities of the three gases decrease very rapidly as the pressure de-
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creases .49 Thus in the pressure range above approximately 10 em. of 
mercury thermal conductivity is a useful tool for determining the 
composition of simple gas mixtures .  At low pressures composition may 
also be determined by thermal conductivity, but the experimental diffi-
culties are increased by the necessity for careful control of the 
pressure . For this reason thermal conductivity is  used at low pressures 
usually to measure pressure� rather than composition. The Pirani gage 
is a pressure sensitive device of this sort . 
At normal temperatures large molecules generally have lower 
thermal conductivities than small molecules .  For the four gases used 
in this investigation the ·values of )\ x 105 at 0° are as follows �50, 5l 
argon J o91_, 
nitrogen 5 . 7 7 ,  
deuterium 34 . oo ,  
hydrogen 40 . 21 .  
The thermal conductivity of a mixture of two gases is  usually 
not a linear function of the composition. However, at low sample con­
centrations such as exist in gas chromatography the relationship between 
the thermal conductivity of the mixture and the amount of a sample 
component is almost linear . 
b .  Considerations in present apparatus . Argon i s  readily avail­
able and is relatively inexpensive . Although specially purified argon 
can be obtained, the material used in this work was an ordinary commer­
cial grade which is often used for shielded-arc welding. Over a six-
month period in which this grade of argon was used no changes were ob-
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served in the operating characteri stics o f  the column .  Hence , it was 
concluded that any impuriti e s  present in the argon had no cumul ative 
effect upon the palladium metal in the column . 
Since the katharometer is a differential device, the maximum 
s ensitivity in gas chromato graphic work i s  obtained by using a gas for 
the carrier and the reference which has a thermal c onductivity as 
different as po s sible from that of the sample . For hydrogen and deu.te� 
rium sarnp_es 3  argon is obviously a better choice than nitro gen . 
A second considerati on is that the difference in the bri dge re-
sponse toward two different gases such as hydrogen and deuterium b ecomes 
sma ler as the difference in the thermal c onduc"ti'll'i ty of the carri er and 
the sample components become s larger . With an argon carrier the responses 
toward hydrogen and deuterium di.ffered by approximately 8 per cent . 
In the displacement and the break-through experiments, hydrogen 
was us ed as the reference gas . Thi s r educed the absolute sensitivity 
of the bridge, but allowed the detection and measurement of deuterium 
in the presence o f  hydro gen wi th greater sensitivity. 
Both sides of the l(atharometer were operated at approximately at-
mo spheric pressure , and the instrument was insensitive to t he smal  pres-
sure variations which occurred in normal operati on. 
2 .  The Katharometer 
a .  The katharometer block . The gas e s ,  after leaving the coltmLD, 
flowed up through an imrerted U-shaped passage in the blo ck.'l and the 
reference gas flowed through an identical passage . The thermi stors were 
located in the down leg of each inverted U .  '.the path was designed to 
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al.l.ow the gases to come to temperature equilibrium with the block be� 
fore reaching the thermistors . 
The brass block prov2ded a high-capacity heat sink of high thermal 
conductiv2ty . Thus, it prevented rapid fluctuations in the ambient tern� 
perature at �dch t he thermistors operated . 
b .  Temperature. c ontrol . The brass katharometer block was wrapped 
vri th several turns of copper tubing which carried cooling water o A large 
quantity of heat was conducted through the metal connections fro m t.he 
col.unm to the block o Without cooling and with a column temperature of 
180° t.he block temperature rose to 60-70° . Reduction of the temperature 
differential between the thermistor beads and the heat sink reduced the 
sensi tivity of the bridge . With cooling water flowing through the coil , 
the block temperature could be held to 30° even when the column tempera­
ture was as high as 275° . An ambi.ent temperature o.f 30° provided ade­
quate sensi ti vi ty-9 al.though the sensi.ti:v:i.ty could be fur ther inc reased 
by operating at a still lower ambient temperature . This was not done 
since on many summer days the dew point was above 20° , and it was de­
sirable to avoid condensation of moisture on the block . 
No temperature control beyond that discussed above was required . 
A seventy-two hour run to check the noise level and drift at maximum 
sensitivity and maximum signal output showed a long-term d rift of les s  
than 1 per cent o f  full-scale o n  the recorder and essentially no shor� 
term fluctuations . Since other factors than temperature control also 
affect the stability and t he noise lev·el.'l it was apparent that the block 
temperature was sufficiently steady. 
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d. Analytical accuracy. Slow changes in sensi ti vi ty should not 
affect the accuracy of the katharometer for analytical applications . 
The area under an elution peak is  proportional to the amount of the 
sample component . Therefore, if the relative sensitivities toward the 
various sample components are known, it is pos sible to correct for slow 
sensitivity changes by normali zing the areas under the peaks . 
e .  Flow rate sensitivity. The location of the thermistors was 
a compromise beti�en the requirements for maximum concentration sensi­
tivity and minimum flow-rate sensi ti vi ty. Flow-rate sensitivity was 
checked by passing argon through the reference side of the cell and 
hydrogen through the sensing side of the cell . The hydrogen flow rate 
was varied from almost zero to approximately 100 ml .  min. -l The flow­
rate variations produced a signal srdft at the recorder of less than 
1 per cent of the total signal . The flow-rate range checked was large 
enough to cover most of the flow rates used in the present work . 
f .  Effect of thermistor cavity si ze . The volume of the sensing­
thermistor cavity affects the resolution in gas chromatography in a 
manner analogous to the effect of slit width upon spectrographic resolu­
tion . However1 in gas chromatography there is no loss of sensitivity 
as a result of decreasing the volume of the cavity. Rather, the sensi­
tivity may be increased as the spacing between the thermistor and the 
walls of the katharometer is decreased. Therefore, it is  advantageous 
to make the volume of the cavity as small as is  physically possible . 
In the katharometer described in this report the volume of each 
thermistor cavity was approximately 0. 6 ml .  Samples as small as lo32  
ml o  were used. However, by the time the sample had passed through the 
column and had reached the katharometer, the peak width at its half 
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height was 10 to 20 ml .  for the sharpest peaks . Thus it appears that, 
relative to other factors , the volume of the thermistor cavities did 
not affect the resolution. This conclusion implies that diffusion of 
the sample into and out of the cavity was rapid, but the assumption has 
not been experimentally verified. However, a comparison of the geometry 
of this instrument wi. th that of other katharometers 52 -55 indicates that 
the assumption is justified . 
3 .  Effect of Sample Injection Technique 
In order to take full advantage of the separation ability of  the 
column, it is necessary to introduce the sample quickly and with a ndni-
mum of interruption of the gas flow through the column. Liquid samples 
usually are introduced 56-58 by means of a micrometer syringe through a 
rubber stopper . Gases generally are introduced 56 , 59 through a by-pass 
system similar t.o the one used in this work.9 although Tenny and Harris 
have described a pipette for the introduction of gas samples. 60 
It i s  probable that the present sample-introduction system could 
be improved with a corresponding increase in resolution of sample com-
ponents . Approximately thirty seconds are required to manipulate the 
stopcocks in the sample system. The time could be shortened by the use 
of metal snap valves .  Also , the dead volume between the sample by-pass 
cell and the column packing could be reduced. 
4 . Effect of Supporting Material in Column 
A large specific surface area in the fixed phase is desirable 
for rapid exchange of sample between the fixed and the mobile phases .  
For this reason, some of  the early work was done with Celite 545 as the 
16) 
support for the pal.laclium metal . The Celite 545 par ·ticle s are very 
small and the surface area of the indi"Widual parti.cles i. s  further 
increased by their skeletal structure . The pressure drop required in 
order to establish the desired flow rates through the column was ex-
cessive . A 25-lb . inlet pressure produced a flow rate at 100° of 
approximately 10 m L  min. -l of argon through an 8 -ft . column . The same 
inlet pressure produced a .f1.ow rate of appro:xi.matel.y 16 ml .  min . -1 
th:c·ough t.he h3-.ft. aolu.mn which was packed wi:[.;h the flint quar·tz mat.e-
rial . The e.ffet.�t of particle si ze upon resoluti on has b een reported 
•'l . 
by Dimbat.� Por·ter9 and Stress .54 
5 .  Electrical Circ.nrl.:t 
a .  General properti es o f  th� Wheatstone �· The following 
discussion refers to Figure 9 o.f th:i.s sect,i.on. The output signal, . .6.Ell 
of the bridge i s  defined by equation 27»  
(27 )  
where t, i s  the initial resi stance o f  the sensing thermis tor, R2 i s  the ..... 
value of the fixed resistance in the same ann of the bridge, and E is 
the tota� :voltage applied across the bridge . It can be seen that a 
constant current conditi.on may be approached 'by making the value of R2 
much larger than that of � · In this manner bridge sensitivity i s  also 
increased to a maximum value defined by equati on 2 8 .  
(28 ) 
If the power input to the therm:i.stors i s  constant and i f  heat ia 
transferred from the thermi st.ors only by conduc tion through the gas1 then 
the difference, L\ T, in the temperature of  the reference and the 
sensing thermistors is  
/\ T = [ ),r  - )\ m -J t-:.. 
� (Tl-Ts ) l m  
61� 
( 29) 
where T1 is  the temperature of the reference thermistor, T8  is the tem­
perature of the heat sink, A r is the thermal conductivity of the refer­
ence gas , and .A.m is the thermal c onductivi·ty of the sample mixture. 
If the thermistors have a linear resistance-versus-temperature 
relationship, which is  approximately true only for Ye:r:y small changes 
in resi stance , 
Then from equation 28,  
L E = r�( Ar - A m� (Tl - T s \ 
' )l· m J \ Tl 7 
(30 ) 
(31) 
The above conditions are ob'viously only approximations of those 
extant in the present instrument . The impedance of the measuring cir-
cuit, although high, still contributes to non-linearity. The tempera-
ture coefficients of resistance are not constant, and the thermal c on-
ductivities of the gas mixtures are not linear functions of the c oncen-
tration . Heat is transferred from the thermistors to the heat sink by 
radiation and by conduction through the leads , in addition to the trans-
fer by conduction through the gas . 
In spite of the approxima·tions to ideal b ehaviour the non-line-
arity which may be attributed to the circuit design is only 0 . 3 per 
cent as calculated from equation J2 , 
(lo s1 - s2 \ Per cent non-linearity = 82 )1.  100 
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(32 ) 
where sl is the voltage signal for a 1-·ohm increase and s2 is the volt-
age signal for a 10-ohm increase in the resistance of the sensing 
thermi stor . The calculation is for a thermistor resistance of 75 ohms 
and a current of 15 ma. through each arm of the bridge at balanc e .  
The bridge sensitivity may b e  further increased by shunting the 
thermistors wi"th an ohm:.i.c resistance . 61 Theoretically there is no upper 
limit to the sensitivity that may be achieved in this manner . The tech-
nique i.s used in practice only for relatively small increases in sensi-
th:LtyJ since it increases the bridge time constantj) decreases  the sta-
bility� and causes large deviations from linearity. 
b .  Zero controls . I t  was rarely necessary t.o obtain a true baJ.-
ance of the bridge . Instead, the zero controls were used to place the 
recorder trace at a convenient posi·tion on the chart . 
c .  Effects of chart and pen speeds . A chart speed of 6 inches 
per hour and a pen speed of 4 . 5  seconds for full�scale deflection were 
used. By means o f  the zero controls the pen could be made to traverse 
the entire chart width and return while the chart advanced approxi-
mately the wJ..dth of the line drawn by the pen. The spike produced in 
this manner was much narrower than any peak obtained in elution chroma-
tography. Hence, it was concluded that the chart and pen speeds did 
not significantly limit the resolution. 
6 .  Temperature Profile i.n the Column Heater 
The vertical temperature profile in the column heater was inves-
ti.gated by lowering a thermocouple into the heater . In the vicinity of 
200° the bottom of the heater was approximately 10° cooler than the 
top. Since the temperature affects the operation of the column, it 
is possible that elimination of this temperature gradient might im-
prove the resolution. 
B . Distribution Isotherms 
l .  Nature of the Distribution Isotherms 
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In a chromatographic column the sample may be held at the sur-
face of the fixed phase by chemical or physical forces, or it may dis-
solve in the fixed phase . In the former case the column is referred 
to as an adsorption column and in the latter case it is referred to as 
a partition column. In most chromatographic applications there is no 
difficulty in determining by which method the sample is  held. 
When hydrogen or deuterium is equilibrated with palladium metal 
some gas is  adsorbed at the surface . A much larger amount may be dis­
solved but the solution process is a slow one . Nace and Aston38 found 
that at room temperature two to six hours were required to reach equil-
ibrium. Since a chromatographic elution experiment with the 43-ft. 
column containing palladium as the fixed phase usually required less 
than two hours at room temperature, there was some question as to 
whether the rate of solution would qe sufficiently rapid for the column 
to function as a partition column. 
The column desorptio:q. curves found in Figures 11, 12 , and 13 pro­
vide evidence that a �-phase solution formed in the column. Figure 1 
indicates that an equilibrium pressure of 1 . 8 atmospheres , or 12 psig, 
should be sufficient to form the e -phase solution of hydrogen up to a 
temperatm.·e of approximately 170° . At 245° an e quilibrium pressure o.f 
approximately 10 atmo spheres should be necessary to e stablish the � ­
phase solution. Since this pres sure was not reached in the column, the 
break at point x in curve C of Figure 13 must be attributed to some 
o ther factor . The di str�bution i sotherms exhibit an inflection point, 
vmich is more apparent for the high-temperature curves in Figure 1, at 
a pressure lower than that at which the d.- � transition occurs . Also, 
the change of slope in the vicinity of thi s  :i,nflection point i s  greater 
for the high temperature curve s .  This inflection may account for the 
slight break in curve C of Figure 13 . 
A compar�son of Figures 1 and 2 indicates that, at a given temp-
erature �  a much higher pressure i s  required to maintain a �-phase solu-
tion of deuterium in palladium than is required for hydro gen. The 
curves in Figure 11 exhibit this fact in that the transition from the 
�-phase occurs sooner for deuterium than for hydro gen. 
2 .  Factors Affecting the Rate of Attairnnent of Equilibrium 
a .  Temperature . It is logical to expect that equilibrium would 
be more rapidly approached as the temperature i s  increased . Quantitative 
results have been reported to support this conclusion. Sieverts
62 re-
ported that for fully annealed palladium metal equilibrium of the metal 
with hydrogen gas was seemingly unattainable at temperatures below 140° . 
Tammann and Schneider,
63 and Smith and Derge64 have also shown that 
equilibrium i s  reached more rapidly at elevated temperature s . Similar 
results have been reported by Lambert and Gates .
65 
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b .  Condition of the metal . Since solution must occur through 
the surface of the metal, a large surface development should increase 
the rate at which equilibrium is attained. Hol.t66 reported that at 
room temperature the rate of absorption of hydrogen by paJ..ladium black 
was several times more rapid than the rate with pal adium foil . 
Both the rate and the magnitude of the occlusion of hydrogen by 
palladium are significantly dependent upon the previous rdstory of the 
metal . Krause and Kahlenberg67 showed that the rate of occlusion of 
hyd�ogen by palladium metal progressively increased as the metal struc-
ture was gradually opened up by successive occlusions s with interYening 
ex:pulsions of hydrogen by heating. The effect, c:f the previous history 
of the metal is also exhibited by the gradual (';;hange in the retention 
volume of deuterium in a series of experiments .following treatment of 
the metal wit,h hydrogen as shown in Figure 19 . 
3 .  Determination of Distribution Isotherms and Partition Coefficients 
ao � displacement techniques .  James and Phillips68 have shown 
how the distribution isotherms, and consequently the partition co-
efficients , may be determined by a chromatographic displacement tech-
nique . The sample to be investigated is injected into the column and 
is then swept through the column by a displacing agent which is more 
strongly held by the fixed phase.  The composi·tion of the effluent 
from the column is given by a curve such as that shown in Figure 15. 
The region of mixed components becomes narrower as the relative absorp-
tion strength of the displacing agent is increased. For calculation 
purposes the bou..n.dary between the deuterium and hydrogen in Figure 15 
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may be set by drawing a vertical line such that two triangles of equal 
area are formed by the line, the sloping portion of the step9 and the 
extensions of the horizontal lines for 100 per cent deuterium and for 
100 per cent hydrogen . 
The area under the curve is proportional to the total amount of 
sample and is also the product of the recorder deflection and the length 
of the step in time units . The recorder deflection is  proportional to 
the concentration of the sample at the exit of the column and the time 
is proportional to the total quantity of gas which has flowed through 
the column. These statements are expressed by equations 33 and 34, 
which are equivalent to each other. 
Therefore, 
where 
Area = recorder deflection x time ( 33 )  
Amount o f  sample = concentration x flow rate x time ( 34) 
Cm = A/Rt (35)  
Cm = the concentration of the sample in the mobile phase ,  
A the amount of the sample, 
R the flow rate measured at the exit of the column, and 
t the step width of the sample in time units . 
The three terms on the right side of equation 35 may all be measurede 
Then the concentration, Cm, equivalent to the concentration CB in Figure 
14, of the sample in the mobile phase at the exit of the column may be 
determined. It should be noted that the sensitivity of the katharometer 
vms not involved in the calculation of the concentration. The detector 
merely provides a method for locating events as a function of time . 
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At the time when the deuterium first emerges from the column it 
is absorbed on a fractional length of the column packing equal to the 
length of the deuterium step divided by the break-through time of the 
displacing agent, hydro gen . Since the mobile phase is compressible , the 
linear velocity is not constant along the column and the preceding state-
ment is strictly true only in the limiting case when the ratio of the 
input to the exit pressures approaches unity . The amount of deuterium 
absorbed in this fraction of the col·wnn may be determined from the 
total amount of deuterium used1 the concentration in the mobile phase, 
the fractional length of the column9 and the cro ss-sectional area of the 
mobile phase by means of equation 36 . 
where Af the amount of deuterium absorbed by the fixed phase, 
( 36) 
a = the cro ss-sectional area of the column mobile phase,  and 
1 the length of the column upon which deuterium is absorbed. 
In addition, 
where 
�<. 
VR the retention volume for nitro gen, �nd 
( 37 ) 
fL = the fraction of the col�n length upon which deuterium is 
absorbed. 
Therefore , 
Cf Af ( 38 )  - --f1W 
Cf A - CmV�lL (39 )  
Wf1 
where 
Then� 
Gf = the concentration of the sample in the fixed phase» 
W = the weight of the fixed phase!# exclusi'Ve of the inert 
supporting material . 
Gf Rt - �fL k = -- = . -----
Cm WfL 
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(40) 
If the dimensions of Cf are moles gm.-
1 and the dimensions of 
Cm are moles mlo-l then equation 40 gives the dimensions of k as ml .  
-1 gm . • 
An alternative method may be described by reference to Figure 14 , 
If the absorption isotherm and the concentration1 Cc� of the displacing 
agent are known the control line can be drawn. The concentration3 CB, 
is equivalent to th€ Om of equation 3S . The intersection of the dotted 
line for CB with the control line giYes one point on the absorption 
isotherm. 
If the amount of the sample is sufficiently reducedj the pressure 
differential across the portion of the column containing the sample will 
be small and the errors resulting from compression will be reduced. . By 
altering the concentration of the displacer3 other points on the isotherm 
may be determinedo 
The method is applicable only for systems which exhibit isotherms 
concave toward the pressure axis . For this type of isotherm, the parti-
tion coefficient varies along the length of the column as a function of 
pressure . This is a second. reason for restricting the calculations to 
the limiting case where the rat1 o of the input to the exit pressure 
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approaches unity. 
The number o f  theoretical plates in the column is not involved 
in the calculation of the partition coefficient by equation 40 " Thus� 
the only advantage to increasing the length of the column beyond that 
required to establish the zones i s  to increase the size o f  the sample 
which may be handled . In addition, it is necessary to compare the 
partition coefficients obtained by the displacement technique with 
tho se obtained by normal equilibrium distribution techniques in order 
to ascertain how closely the equilibrium distribution is approached in 
the column. Therefore, the displacement chromatographic technique 
appears to have no advantage over the normal equilibrium technique for 
the determination of partition coefficients3 except in that the equip­
ment and the procedures are simpler in the chromatographic method. 
b. � frontal analysis .  The equilibrium separation factor for 
hydrogen and deuterium is defined by equation 41 . 
(41) 
where kH and kn are the partition coeffici ents for hydrogen and for 
deuterium in the column .  
Glueckauf and Kitt17 calculated the separation factor from a 
series of break-through experiments . Their calculation was based on 
the following equations of mass conservation, which apply at the moment 
the feed composition appears at the exit of the column. 
Total feed of hydrogen = amount of hydrogen 
absorbed + amount of hydrogen in mobile phase + 
amount of hydrogen which has emerged from the 
column at the moment the feed composition 
emerges from the column. (42)  
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In an ideal column the last term on the right side of equation 42 is 
zero . 
where 
Equation 42 may be written as 
(43) 
v0 = the total volume of hydrogen and deuterium fed to the column, 
CH = the concentration of hydrogen in moles liter-1, of the in-
flowing gas, 
X = the volume of the column, exclusive of the inert supporting 
material, 
Y = the volume of the mobile phase , which may be determined from 
the retention volume of an inert gas , and 
fH = the amount of hydrogen absorbed, in equilibrium with the feed 
gas, per volume unit in the column. 
A similar equation may be written for deuterium, 
v0cn = Xfn + Yen + (Vb - va) c� (44) 
where Vb = the product of gas flow rate, measured at the column exit, 
Then, 
and the break-through time of the feed composition, 
va = the product of gas flow rate, measured at the column, exit, 
and the break-through time for the leading edge of the 
deuterium, and 
I cD the concentration of deuterium in the outflowing gas . 
Vb - va the product of the gas flow rate, at the column exit, 
and the deuterium step width in time units . 
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Also , 
Y = va • (45) 
Equations �.2 through 45 are valid only when the input and the exit 
pressures are identical. Equations 43 and 44 may b e  rearranged to give 
Now, 
where 
(v0 - va) cH/fH � X, and 
(v0 - va) cn/fn - (vo - ·va) c�/fn = X . 
(46) 
(47 )  
(48) 
R = the volume flow rate at the entrance to the column, and 
tH = the corrected break-through time for hydrogen, when zero 
time is taken as the break-through time for a material 
which is not absorbed by the column. 
In like manner, 
(49 )  
The partition coefficients for hydrogen and for deuterium may be 
evaluated by the use of equations 46 through 49, for the limiting case 
where there is no pressure gradient along the column. 
Glueckauf and Kitt17 defined the separation factor by e quation 5o .  
(50) 
Upon elimination of X from equations 46 and 47 , we have 
, or (51) 
(52 )  
where 
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P '  = the exit pressure , and 
P = the partial pressure of deuterium at the entrance of the 
column. 
Figure 25 is  a plot of the separation factor as a function of 
temperature .  Glueckauf and Kitt were not specific as to their feed 
composition or pressure gradient. They state that input pressures up 
to 24 em. of mercury above atmospheric were used, and they imply that 
the feed compo sition was approximately 55 mole per cent deuterium . For 
the present work, an input pressure of 80. em of mercury above atmospheric 
was used� and the feed composition was approximately 5o mole per cent 
deuterium. The fact that the distribution isotherms are concave toward 
the pressure axis, except in the vicinity of the a, � -phase transition, 
may account for the lower values of the separation factor obtained in 
the present work . 
Glueckauf and Kitt obtained an expression for the temperature 
dependence of the separation factor . 
log (\. = 215/T - o.47 (53) 
where T is  the temperature in degrees Kelvin. The data obtained in the 
present work give an expression, 
log Cl = 222/T - o . 5l , (54) 
The temperature coefficients in both cases are similar to that observed 
by Gillespie and Downs, 69 but the absolute values are different. 
The break-through technique is sui table only for the study of 
systems involving distribution isotherms which are concave toward the 
pressure axis .  With the displacement techniqu·e, once the step is formed, 
� t<"\ 
0 
r-f 
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Figure 25 
Tempe rature Dependenc� of Deuterium-Hydrogen Separation Factor 
in a Chromatographic Column With Palladium as the Fixed Phase 
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its width should not change except as a result of pressure changes .  
With the break-through technique the corrected retention time, t0 , be­
comes larger as the column length is increased. Thus , the break-through 
technique offers an advantage over the normal equilibration technique 
for the determination of partition co�fficients . 
The detector sensitivity is not involved in the calculation of 
k from break-through data. In addition� it should be noted that there 
is no necessity for direct analysis of the composition of the fixed 
phase .  
c .  §l elution analysis .  Anderson7° and Porter, Deal, and 
Stross71 have discussed methods for the determination of the partition 
coefficient from elution chromatographic data. Several simplifYing 
assumptions are necessary. They are& 
(1) No change in volume occurs as the gas passes through the 
column. Therefore the input and exit pressures must be 
identical .  
( 2 ) The partition coefficient for the sample component must be 
constant throughout the column. 
(3 ) The entire sample must be charged initially into the first 
plate of the column. 
(4) All rate effects can be accounted for by means of the 
theoretical plate concept, and 
(5) The H . E . T . P .  must be small relative to the column length and 
must be constant throughout the column. 
The partition coefficient, k, is defined by equation 55 . 
(55) 
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If Cf and Cm are bo-th expressed in gm. ml .  -l, k is dimensionless and 
may be expressed by equation 55, 
where 
vR = the corrected retention volume as defined by James and 
Martin,l.w. 
Vm = the gas-space volume fraction in the column, 
Vf = the fixed-phase volume fraction in the column, and 
X = the total volume of the column. 
( 56) 
The volume of the inert supporting material is not included in 
the calculation of Vm, Vf, and X. 
Then, 
Equation 56 is based on the following considerations . 
26 
c = the amount of sample in 1 ml .  of the mobile phase, 
a1 = the amount of sample in 1 ml .  of the column, exclusive of 
the volume of the inert supporting material, at equilibrium 
with mobile phase of concentration c ,  and 
a2 = the amount of sample in 1 ml .  of the absorbent . 
a1/c = Ca2/c)vf + Vm 
a2/c = k 
a1/ c = v'>w'X • 
(57 ) 
(58 ) 
(59 )  
Equation 56 follows from the substitution of equations 58 and S9 into 
equation 57 . Equation 56 is equivalent to the expression used by Porter, 
Deal, and Stress 7l for gas-liquid partition chromatography, and by 
Simpson and. Wheaton72 for ion-exchange work . 
179 
The use of V� corrects for the change in volume resulting from 
the pressure gradient along the column . In elution chromatography, 
even with a zero pressure gradient, the partition coefficient for a 
sample component can be constant along the column only if the distribu­
tion isotherm is linear. 
Although the calculation is  strictly valid only for a system in­
volving linear isotherms, equation 56 was used for the approximate cal­
culation of the partition coefficients and the separation factors at 
one temperature . The point is included in Figure 25 . Considering the 
assumptions which were made in the calculation, the agreement with the 
single stage equilibrium measurement at approximately the same tempera­
ture is good. 
It should be pointed out that the break-through experiments were 
carried out with mixed hydrogen and deuterium samples ,  while the separa­
tion factor calculated from elution data was based on separate runs with 
hydrogen and with deuterium, and that a number of runs were made with 
each before a reproducible value of � was obtained. This fact probably 
accounts for the higher value of the separation obtained from elution 
data as compared with that obtained from the break-through data, and 
also for the better agreement between the values obtained from the break­
through experiment and the single stage equilibration. 
C .  Chromatographic Separation of Hydrogen and Deuterium 
1 .  Relative Merits of the Various Methods 
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Neither the di splacement nor the frontal-analysis (break-through) 
technique i s  capable of completely s eparating the components of the 
sample . However , a fraction of the deuterium may b e  s eparated in a very 
pure state . Both methods are simple� and are capable of providing in-
formation on the distr�bution isotherm� the partition coefficients , and 
the separation factor, for systems involving i sotherms which are c oncave 
toward the pre ssure axis . 
The elution technique is capable of separating completely the 
components of a sample under proper operating conditions . The apparatus 
and the manipulations are somewhat more complex than thos e  for the two 
methods mentioned above . In addition� the eluti on t echnique functions 
best for systems involving linear i sotherms . It may b e  us ed with non-
linear i sotherms but the s eparations are more difficult . 
The elution technique i s  particularly useful for analytical pur-
po ses ,  since the amount of each component i s  proportional to the area 
under the c orre sponding elution peak o  The area may be recorded directly 
by means of an electronic integrator or a mechanical ball-and-disc in-
tegrator .  
All three methods involve batch operati on and are therefore not 
particularly well suited for preparative pro cesses without further modi-
fication. A number of methods for co ntinuous chromatography have been 
reported . 7J-7
5 
2 .  Factor s Affecting Separation � the Elution Process 
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a .  The separat ion factor and the number of the oretical plates . 
The requirements for an analytical separation of an equ:irnolar mixture of 
two components have been dis cussed by van Deemter , Zuiderweg ,  and 
Kl .  k b 21 G 26 1n en erg . lueckauf has discussed the separation in a more gen-
eral manner, and has prepared a family of curves showing the number of 
theoretical plates required to reduce the f�actional impurity between 
two elution peaks to a specified value for a given separation factor . 
The plot applie s t o  a sys tem involving linear isotherms . 
Figure 25 shows that an equilibrium separation factor of approxi-
mately 1.42 should be obtained if the pa rtition coefficient for hydrogen 
is unaffected by the p re sence of deuterium, and vice versa . The separation 
factor determined from frontal -analysis and from single -stage equilibration 
data with mixed samples is approximately 1 . 3 . In order to reduce the frac-
tional impurity to 0 .l per cent, appr oximately 350 tre ore tical plates are 
required for a separation factor of 1.42 and appr oximately 550 theoretical 
plates are required for a separation factor of 1. 3 .  This is equivalent 
to an H . E . T . P . of 3 . 7  em. in the former case , and 2 . 4 em . in the latter 
case in the 43 -ft. c olumn. Much lower value s  for the H.E .  T.P.  have been 
reported for gas -liquid partition c olumns in which the rate of attainment 
of equilibrium is rapid . 76 A slower approach to equilibrium, such as has 
been reported for the hydrogen-palladium sys tem, will increase the value of 
the H.E . T . P. In addition, the non-lineari� of the isotherms increases the 
number of theoretical plates required to reduce the fractional impurity to 
a given value . 
b .  Tem?-rature . Figure 25 illustrates the fact that the s epara-
tion factor is reduced by an increase in temperature . However, at an 
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elevated temperature the rate of equilibration is larger and cons e quent­
ly the H . E . T . P .  may be lower . The inter-relation of the se two factors 
is shown by the fact that better resolution was obtained at 175-180° 
than at lower temperature s .  
c .  Factors re sulting from �-ideality in the column . The effect 
of various physical parameters in linear non-ideal chromatography has 
been di scus sed by van Deemter , et . al . 
21� T? Line ar chromatography i s  
that i n  whi c h  the distribution between the fixed and the mobile phases 
follows a linear i sotherm . Non-ideal chromato graphy is that in which 
the shape of the band moving through the c olumn changes as a re sult o f  
irreversible proce s s e s ,  such a s  diffusion and eddy motions . In order 
to increase peak sharpne s s  and to improve resolution it i s  neces sary to 
approach ideal chromatography as closely as po s sible . 
When the sample size influences the peak width, it is convenient 
to use the standard deviation, or the variance , as a measure of peak 
width . The variance i s  the sum of five contributions : 
(1) Sample size, 
( 2 )  Axial eddy diffusion caused by the packing, 
(3 )  Axial diffusion, which is inversely related to the linear 
velocity of the gas in the mobile phase, 
(4) Diffusion into the interphase between the mobile and the 
fixed phases, and 
(5)  Diffusion into the fixed phase .  
The effect o f  linear velocity upon the H . E . T . P .  has been s hown 
experimentally by van Deemter, et. al . 21,77 There exists and optimum 
linear velo city in the column, for which the H . E . T . P .  is a minimum, as 
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is shown by Figure 26 . Below this optimum velocity, axial diffusion 
along the column spreads the peak . Above this optimum velocity the 
rate of mass transfer between the fixed and the mobile phases spreads 
the peako The effect is also illustrated iri Figure 23, in which the 
ratio tm/� has a maximum value when plotted versus flow rate . 
Since the linear velocity is not a constant along the column 
length, it is  not possible to maintain the optimum flow rate through-
out the column. The velocity profiles shown in Figure 27 may be cal-
culated from the pressure drop across the column. It can be seen that 
operating conditions may be chosen so that the optimum flow rate occurs 
in the major portion of the column. 
Dimbat,  Porter, and Stro ss54 have investigated the effect of par-
ticle size in the packing of the column upon the resolution obtained in 
gas-liquid partition chromatography. Under ideal conditions it would 
appear that a decrease in the particle size would increase the specific 
surface area, if the fixed phase were distributed uniformly on the pack-
ing, and thus increase the rate of mass transfer between the fixed and 
the mobile phases.  However, the column i s  not ideal and also the pres-
sure drop across the column which is necessary to establish a given 
volume flow rate may be prohibitively high for a packing composed of 
fine particles .  Dimbat, Porter, and Stress  found that optimum resolu-
tion with a minimu.m pressure drop was obtained when the c olumn was packed 
with 35 to 6o-mesh material . In the present work, Celite-545 was ini-
tial y investigated. Its use was discontinued because of the high pres-
sure required to operate the column. However, the effect of particle 
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size upon the resolution in the column was not investigated and it is 
possible that the particle size used was not the optimum one . 
d. Method of evaluating optimum conditions in present work . The 
separation of hydrogen from deuterium by elution chromatography in a 
column containing palladium as the fixe.d phase was studied as a function 
of temperature, flow rate ( and hence the pressure drop) , and sample size . 
Since it was difficult to perform experiments to evaluate the effect of 
each factor independently, and since the performance of the column with 
mixed gas samples could not be predicted reliably from the performance 
with pure samples of hydrogen and deuterium51 a factorially designed set 
78 79 of experiments were performed. ' The approximate values of the vari-
ables were selected from information obtained in runs with hydro gen and 
with deuterium samples .  The elution curve shown in Figure 24 was the 
best curve obtained from this set of experiments . 
D .  Suggestions for Further WOrk 
l .  Elution Chromatography 
The separation of hydrogen from deuterium by elution chromatography 
appears to be possible . Because of the non-linearity of the di stribution 
isotherms, a larger number of theoretical plates is required for the 
separation than would be the case for a system of linear isotherms . A 
decrease in the H . E . T . P .  in the present column might be obtained by fur-
ther worko The effect of particle size upon the resolution has not yet 
been studied. In addition, the effects of variations in the method of 
preparing the palladium metal have not been investigated. A number of 
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other metals also dissolve hydrogen and deuterium in large quantities 
and might prove suitable for use as a fixed phase . For example ,  a 
Pd-Ag alloy containing 40 per cent silver will dissolve a much larger 
amount of hydrogen than will the pure palladium metal . 80 Also , the 
rate and the magnitude of the solution process are dependent on the 
previous history of the metal and consequently the separation might be 
improved by various methods of pretreatment of the column . Bl
-B3 
The method of inj ecting the sample can be improved, so that the 
sample is injected quickly and compactly into the column. The effect 
of sample size should be investigated in more detail . Also ,  the length 
of the column might be increased. 
The chromatographic elution technique is capable of providing in­
formation from which thermodynamic data may be calculated. 70 The work 
might be extended to obtain information of this type . 
The principal application of the chromatographic elution technique 
is an analytical one . The sensitivity of the katharometer detector i s  
such that the sample size used in the present work might b e  considerably 
reduced. For example ,  the nitrogen marker peaks were generated by 
quantities of nitrogen as small as 1.32 ml .  at a pressure of 2 em. of 
mercury, and with the detector system operating below its maximum sensi-
tivity.  Since the sensitivity toward nitrogen with an argon carrier is 
much less than the sensitivity toward hydrogen, it is evident that very 
small samples of hydrogen could be measured by the detector.  Hydrogen-
deuterium mixtures are frequently analyzed either by mass-spectral or 
by diffusion methods . The mass-spectral method requires very c omplex 
and expensive equipment and its accuracy is somewhat limited. The pin-
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hole diffusion method requires a larger sample than is required for the 
gas-chromatographic method. Static thermal conductivity measurements 
may also be used to analyze hydrogen-deuterium mixtures, but there are 
a number of experimental difficulties such as the requirement for an 
accurate calibration curve and rigid temperature control . 
If satisfactory separation of hydrogen from deuterium could be 
obtained by the elution process, the method might be extended to include 
samples containing tritium. 
2 .  Other Methods 
The normal chromatographic technique is not well sui ted to pre-
parative processes, since it is a batch operation. A similar technique 
which is capable of continuous operation is the hypersorption process .84 ,85 
Hypersorption was originally a light hydrocarbon recovery process de-
signed to permit processing and recovery of hydrocarbons from streams 
which could not be handled economically by the conventional recovery 
processes.  The elements of the operation of hypersorption involve con-
tacting the feed stream with a moving bed of adsorbent which has been 
previously stripped and cooled to the desired temperature .  The adsorbent 
flows downward through a column. The feed gas is injected at the center 
of the column, and passes upward countercurrent to the moving bed of 
adsorbent . The less strongly adsorbed component is liberated at the 
top of the column. The more strongly adsorbed component is carried 
dovmward in the column and is stripped from the adsorbent at the bottom 
of the column by a heater . Thus a reflux condition is established at 
the bottom of the column which displaces any of the less strongly ad-
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sorbed eomponent which may be present in the lower section of the column. 
Thus, a concentration gradient is established along the c olumn with 
pure components at either end of the c olumn and a mixture o f  the compo­
nents in the region between . The stripped adsorbent i s  lifted from the 
bottom of the column to the top and is reused. The pure c omponents are 
taken from the column at suitable points near the bottom and the top.  
The hypersorption process has been successfully used for a number 
of years , and has become well e stablished as a commercially practical 
toolo Since the rate of mass transfer in a chromatographic column has 
been shown to be sufficiently rapid to obtain partial separation of hy­
drogen from deuterium, it appears that hydrogen and deuter:Lum might be 
successfully separated in a continuous operation by a technique similar 
to the hypersorption process . 
CHAPTER VIII 
SUMMARY 
The separation of hydrogen arrl deuterium by gas chromatography 
was inve stigated using a column in which the fixed phase was palladium 
me tal supported on granular flint quartz . Displa cement , frontal-analys is ,  
and elution techniques were use d .  Hydrogen was tre displacing agent in 
the displacement exper ime nts . 
The experimental r e sults reported earlier by Glue ckauf and Kitt3 17 
in which a sample of very pure deuterium was prepared by tbe displace -
ment and by the frontal-analys is techn.iqu.es 3  were verifie d. 
Tre equilibrium separat.i.on factor,ct., was calculated .from data 
obtained by the frontal-analysis and by the elution technique s .  The 
values obtained were in fair agreeme nt with those repor ted b y  Glue ckauf 
and Kitt far measurements made � the frontal -analysis technique and by 
s ingle -stage equilibration measurerrents . The temperature dependence of 
the separation factor was found to be represented by the expre ss ion, 
log oL = 22 2/T - 0 .  51 . 
The slope of the line was in agreement with that found by Glueckauf and 
Kitt, a nd by Gillespie and Downs . 69 
Partial re solution of the c omponents of a hydrogen-deuterium mix �  
ture was ob tained by e lution chromatography, using argon as t he carrier 
and as the reference gas. The separation of tre two c omponents was le ss 
than that which might be e xp e cted from a comparison of the elution pe aks 
for pure hydrogen and for pure deuterium . Thus , the par tition coefficient 
fo r e ithe r component of the mixture is not indep:l ndent of the presence 
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of the other component . This conclusion was further verifie d by the 
fact that following a serie s of runs with h-ydrogen it wa$ necessary to 
" condition" the column by several runs with deuterium before a repro­
ducible value for the retention volume of deuterium could be obtained. 
The r esults appear to justify further investigation of the 
elution process for the separation of hydrogen from deuterium, with 
possible extension to mixtures containing tritium . 
Since the elution pr ocess is a batch method, its primary appli­
cations should be the procurement of data regarding the characteristics 
of the column and the analysis of mixtures of the isotopes of h:vdrogen. 
The hyper sorption process might be s uitable for a continuous ·separation 
of the isotopes . 
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